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PREFACE. 


^HE Science of Geology, though barely yet a century old, 
^ covers already so wide a held and takes in so great 
a diversity of subjects, that few, if any, men can hope 
thoroughly to master the whole of it. 

Mineralogy, Petrology, Stratigraphical Geology, Terres- 
trial Cosmogony, Palaeontology, and other lines of research, 
though they may fairly be looked upon as subdivisions of 
Geology, are fast becoming separate Sciences. 

But while it has become almost an firfbsolute necessity for 
most Geologists to concentrate their attention on some one 
department of the Science and be content with a less perfect 
grasp of the rest, there is yet a certain basis or ground- 
work, with which eveiy one who meddles with Geology, 
whatever be the branch to which he specially devotes him- 
self, must be acquainted if his work is to be sound* For 
want of a knowledge of this groundwork the Petrologist, 
looking merely to chemical and mineralogical composition, 
classes together rocks which differ totally in their origin or 
m^ner of occurrence ; the Palseontologist pure and simple 
is apt to force into an tmnatural ooxmection, on account of 
similarity in fossils, formations which physical evidence 
i^ows ought to be kept widely apart; the Field Geolo- 
gist is content with tracing boundaries on his map, and 
forgets to ask himself how his lines were produced and 
what they mean. 

It is this fundamental groundwork of which 1 have 
attempted to give an outline in the present volume, and in 
default of a better name I have called it Physical Geology. 
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I have had it in my mind to produce a book which will 
supply the requirements of two classes of readers. 

I wished to draw up a manual which would serve the 
purpose of those students who, without going veiy deeply 
into the subject, desire to know as much of the Science as 
any man of culture may be reasonably expected to possess. 
To be familiar with only thus much of Geology affoi^ds 
many opportunities of agreeable intellectual amusement, 
for some of its branches, such as the connection between 
the scenery of a country and its geological structure, can 
be understood without any special knowledge, and may be 
mastered and enjoyed by any one who can use his eyes, 
and reason in a very common-sense way about what he 
sees aroimd him. 

But I have been still more anxious to produce a text- 
book for the School and Lecture-room ; and in the hope 
that the book may be found suitable for educational pur- 
])oses, I am tempted to venture a few remarks on the rank 
which Natural Science is entitled to hold as an instrument 
for training the mitld to reflect and reason, a subject just 
now of somewhat brisk controversy. As a means of cul- 
tivating the faculty of observation its superiority is unques- 
tioned; but it is not so generally allowed that it is as 
powerful an engine for developing the reasoning powers 
as the older studies of Mathematics and Classics. If 
Natural Science is ever to take rank beside these, it 
must show that it is equal to them in this very im- 
portant resi)ect ; and any work on Natural Science, which 
is intended for educational use, must not only state clearly 
the results arrived at, but must also put forth the metheds 
by which they have been obtained. For this reason I have 
dwelt, with I hope not wearisome minuteness, on the logical 
processes by which the conclusions of Geology have bee& 
reached. 

One point more perhaps deserves notice. In spite of 
the elementary character of the work, I have not thought 
it desirable to shut out altogether those speculative 
branches of the subject, in which we are at present only 
feeling our way darkly along, and have not yet been able 
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to arrive at any conclusion whatever. It has been objected 
to Natural Science in general, and the objection applies 
with special force to Geology, that it is tmsuited for an 
instrument of education, because much of it is uncertain 
and liable to be uj^set by new discoveries, and much of 
it at present little more than a blank. But it is this very 
circumstance which seems to me to constitute one of the 
chief claims of Science to rank high among educational 
tools. The midtiplicity of its unsettled points causes it 
to make constant calls on the imagination, and so to hll 
a comer liitlierto unoccupied in the educational programme ; 
for the results of Mathematics ai'e too certain, and those of 
Classics too stereotyped, to leave much scope for imagina- 
tive ingenuity. In short, let us have Mathematics with 
its severe logic to develop our reasoning faculty, Litera- 
ture and Art with their elegancies to form our taste, and 
Natural Science with its vexed questions and unsGttl<:4 
problems to stimiilate and at the same time guide onr 
imagination,* and we shall have a curriculum witli c^very 
requisite for develojiing the intellect all round, and pro- 
ducing that highest result of culture, a many-sided 
mind. 

A work like this affords little scope for originality, and 
I doubt whether there is in the book a single tiling from 
beginning to end that can be said to be new. I have borrowed 
right and left ; in many cases my obligations ore so obvious, 
that it would have been xinnecessarily burdening the pages 
with references to have acknowledged the sources of my 
infomiation ; in fact I have as a rule given references ouly 
in*tho8e cases where I wished the student to go more fully 
into the subject than I had room for. But whether I have 
cognised my debt or not, I beg to offer my best thanks to 
those numerous brethren of the hammer of wl^ose labours 
I have availed myself without scruple and without stint. 

I must also content myself with a general acknowledg- 
ment of the not inconsiderable help I have received from 

♦ I would not he understood to mean that this is the only function 
of the study of Natural Science, or this the only way iu wliich the 
iuiaginaiiou may be awakened* 
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private sources ; but I cannot forbear offering my special 
thanks to my father for his assistance in the revision of the 
proofs, and to my friend Mr. L. C. Miall for a similar service, 
as well as for a host of suggestions which have had the 
effect of materially adding to any value the book may 
possess. 

Leeds, January, 1876. 
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CHAPTEB I. 

TUB AIM AND SCOIB OF GEOLOGY, WITK A SKETCH OF 
ITS EISE AND FMOGItESS. 

“ Signaler los efforts par leaquels out graduellement conquises les 
id^es theoriques que nous possddons aujourd’hui n’est pas seuleiaeiit un 
juste houmiage rendu a ceux qui ont dclaire la science leurs 
travaox : c'est aussi un avcrtissemcut salutaire centre les illusions 
spcculatives,’* UAcnnsa. 

T he tiling aimed at first of all by Geology was to find 
out wliat the earth, on which we live, is made of. It is 
jirobable that the earliest cultivators of the science did not 
set themselves to do any moi’e thiui this, and that the only 
objects they had in view \vere, the examination of the 
materials out of which tho solid framework of the earth is 
built up, and the determination of their chemical compo- 
sition, jihysical iiropei’ties, manner of occurrence, and other 
cliaracteristics. True these pioneers had from time to 
time — indeed men of their acuteness could scarcely fail to 
have — glimpses, from the outskirts wliert^ they w ere labour- 
ing, of the wide gtxdogicnl domain that lay beyond ; but 
for a hmg lapse of time the attorn j)ts to jjush onwai'd into it 
wore few and desultoiy.^ 

Geology then began, as all sciences must begin, by being 
a bare record of observed facts. But Geology could not, 
any more than other sciences, stop hero. fcSonie of the 
inferences to be dravrn from these facts stare us in the fac^ so 
jialpably that tliey could not long escaj)e notice. Among the 
fkets, which in this way told their owm story^ one of the 
most obvious and the first to attrac^t attention was the 
occurrence in the heart of solid rocks, and at spots far 
inland and liigh above tho sea level, of w^hat were un- 
doubtedly the remains of marine animals. Two most 
important inferences followed from this : Ist, tho rocks 

* See LyeU, Principles, vol. i. causes that hindered the advanco 
chap, iii., tor ^ an account of the of Geology. 
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could not always Lave been there, but must have acoumu- 
lated round the remains they now enclose ; and, 2ndly, the 
tirrangement of land and sea must have once been dif- 
ferent from what it is now. In this way men came to 
' learn that the earth had not sprung into being exactly* as 
we have it now, but tliat changes had passed over it from 
time to time ; and then there arose a further branch of 
G^eology, whicli had for its object to determine tv hat theu 
changes had been^ and how they had been brought about. 

The doctrine that the earth had been subject to change, 
which constitutes the very marrow of Greology, was established 
in the maimer just described at least as far back as the days 
t>f Pythagoras, but it was long before the science made any 
advance beyond this and a few elementary truths of a like 
nature. The attempt^ made to ^ve any rational explana- 
tion of the way in which the changes had been eltecjted 
were only j)artly tru(% or were wholly erroneous. Borne 
geologists failed on accoimt of limited experience ; they 
looked upon the tract they were acquainted with as a tyi>e 
of the whole globe, and their explanations, though well 
suited to local instances, were not of general application. 
Others were hampered by preconceived notions that geo- 
logical changes had been produced all at the same time, 
and aU by the same cause ; Noah’s Deluge, for instance, 
was a favourite resource with this school, and was credited 
with far more important results than it could possibly have 
effected, even if the popular notion of it were ooiTH^t. A 
third class, the most mischievous of all, “took not their 
material from Nature, but spun it out of themselves ; ” 
they discarded observation altogether, and amused them- 
selves with weaving ingenious conceits as to how the earth 
might have been brought into its present shape ; and, w^hen 
they found themselves in a difficulty, did not hesitate to 
call in to their aid agencies the like of which had n^ver 
either been seen or heard of, and the like of which, as far 
as our knowledge of the economy of Nature goes, could 
never have been in operation. The wild dreamy specu- 
lations of this school, with their convulsions, cataclysms, 
inundations, collisions with comets’ tails, and other fanciful 
o<x‘urreucos, read like a translation of a Scandinavian saga 
without the life of the original, and it is really hard to 
believe that they could ever have been seriously put for- 
w’ard by men calling themselves scientific students. Among 
the other causes which hindered the progress of the science, 
we may specially mention a dreary controversy, which 
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dragged its slow len^h along over more than a century, 
as to whether the tmngs in 5ie rocks, which appeared to 
be organic remains, ever had belonged to living animals, 
and were not rather counterfeits, moulded by Nature in 
some elfish mood purposely to lead mankind astray. It is 
scarcely believable that so impudent a notion could ever 
have found supporters ; but it did, and no lack of them 
either. 

The early history of Geology then consists of a record 
of one long string of failures, but the study of these will 
be by no means barren of results, if we look at them from 
the right point of view. When we see men of unques- 
tionable power going on for centuries missing the mark, 
the only conclusion we can come to is that there was 
something radically wrong in the way in which they went 
to work. And it is easy enough to see what it was that 
was wrong in their method. If we want to learn how a 
piece of furniture, a pair of shoes, or a coat is made, we 
don’t sit down and waste our time in barren guesses and 
random shots, but we go to the cabinet-maker, the shoe- 
maker, or the tailor, and watch them at their work. Nor 
will one visit be enough ; if we wish really to get to the 
bottom of the matter, we must go again and again, till we 
have made ourselves masters of every step in the process 
of manufacture. Just so, if we want to learn how any 
natural product arose, we must haunt tlie workshop of 
Nature, till, by long and repeated study, we wring from 
her the secrets of her trade, and gain an insight into every 
step of her complicated and manifold operations. Now 
this is just what the earlier geologists did not do. Some 
observed, but did not observe enough; others shirked 
altogether the labour of observation, and tried to supply 
its place by speculations, wMch had nothing but imagina- 
tion to rest upon. 

Practically, in spite of some advances every now and 
tuen in the right direction, Geology continued in this un- 
satisfactory state down to the end of the last century. 
Then there came on the stage Hutton, the kind of man the 
science had so long been in need of, and hf his teaching 
geologists were at last started on the only path that could 
possibly lead them to truth. He p runted out, in words 
that could not be misxmderstood, that, if we want to know 
what has happened on the earth in bygone times, wt) must 
begin by learning what is going on there now. He drove 
out once and for ever the imaginary agencies, which the 
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earlier geologists had been so ready to have recourse to ; 
and laid down the principle, that in geological specnlatioii 
‘‘ no powers are to be employed that ar<^ not natural to the 
globe, no actions to be adjiiitted of except those of which 
we know the j)rineiple, and no extraordinary events to be 
alleged in order to explain a common appearance.’^ ^ 
Following out this }>rineiple, he said something like thi«? : 
You have here a rock, and you w^ant to know how it wm 
formed. Well, what you must do, is this. You must go 
and search whether there is anything now in the course of 
fonnation wliich is eitlier identical with that rock or could 
be made identical with it by processes which we know 
Nature is eaj>able of employing. When you find such a 
substance, learn what are the agents that are fonning it. 
It will then strike you irresistibly that it is far more likely 
that your rock has been formed by agencies similar to 
those w’hich are now producing a substance that cannot be 
distinguished from it, than that it was made by some 
imaginary, unheard-of, and imju'obable pro(;ess. . And 
Hutton laboured successfully to show that the forces now 
in action are fully competent to form rocks, and to bring 
about a large iX)ii:ion of the chtinges, which we learn from 
(leology must have passed over the eaith’s surface. Hero 
he stopped, confining himself to that portion of the earth’s 
lifetime during which her physical condition has been 
similar to what it is at present ; it is somewhat doubtful 
whether he even realised the probability of tbt'ro having 
]»eeii a time when the earth was in a yary different state 
from now ; but, if he did, he dwlined to concern himself 
with the events and operations of such a period. It can- 
not be denied, then, that Hutton took rather a narrow view 
of the scope of Geology ; but in tlie portion to which he 
applied liimself he may fairly be looked upon as the veri- 
table fatluT of the science ; and since the history' of iho 
(*arth as it is must be mastered before we can go on to nii- 
ravel the history of the earth as it was before tlic |)resent 
state of things was established, Ave may go further and 
('all liiin the found(u* of Geology as a whole. 

Hutton, like most gi'eat men, w^as in advance (^f his age ; 
liis teaching fell dead f till it was revived and illustrated 

* Theory of the Earth, ii. to the of to-day : The 

517. theory of Hutton ha« gradually 

t How completely this was the sunk into disrepute in propoilion 

case may be seen from the follow- as geological facts and obsorva- 

ing passage, which sounds sti-ange tion have been multiplied 
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by Lyell ; but it is now universally recomised as the pi‘iTi- 
oiple on which we must base all speculations relating to 
that part of the science of which he treated. 

Hutton occupied himself mainly in stud;>dng the changers 
that are now taking place on the earth’s surface, and the 
means by which tht\y are being brought about, and in 
demonstrating that the changes that had happened during 
past periods of the earth’s history were of the same kind 
and due to the same causes as those now going on. He 
could not fail to realise clearly the fact, known before his 
day, that rocks were not all of the same age, and he 
describes’’^ with rugged eloquence observations which 
show(^d him that some of the older rocks had been disjdaced 
from their original position and had suffered wear and tear 
before rocks of later date had been laid down upon tliem. 
But he did not go beyond these broad general facts, nor 
attempt ti) determine wflh any detail the order in u iiich 
rcMjks had been fonned. The fii’st steps in this dirot*Xioii, 
sufticiently systematic to call for notice here, wore made, 
about the same time, by two contemporaries of Hutton, 
Werner and William Smith. 

The former showed that the rocks of the part of Q ermany 
which he examined could be dinded into certain groups, 
and that these groups came on, one over the other, in an 
order of succ‘ession wliich was everywhere the same. Thus 
if we call these consecutive groups a, h, and and note in 
one place that a is the undermost, h the middle, and c the 
uppermost of the three, we shall find these groups in the 
same r(dative jwsition with regard to each otlier wherever 
wo meet with them ; h will never be below a or above 
The same law holds good throughout the whole series of 
gi'oups. Some members may be wanting in places, but 
tliis will not affect the place in the series of the rest ; thus, 
if#d be absent, <? will rest on a, never a on <?. Some of 
Werner’s subdivisions agree pretty nearly with those of 
modem geologists ; others have been long ago discarded, 
because they were established on the strength of erroneous 
theories as to the way in which the rocks coi»posing them 
had been formed. These theories were of the wildest 
description, wholly unsupported by observation or analogy, 

and extensive ; and it is not im- powerful opposition,’* — West- 

probable but even the beautiful oarth Forster, Section of the 
theory of Werner may share a Strata (1821), p. 163. 
similar fate, as some parts of it * Theory of the Earth, voL I 
have met with considerable and chap. vi. 



6 


0EOLOGY. 


and, as they were pxit forward with a zeal and ener^ 
which gave their author great influence over his pupils, 
they contributed no little to hinder the progress of Geology. 
Still it was a great step gained to have established the fact 
of the existence of an invariable order of succession in the 
rocks. 

While Werner was pursuing his investigations in Geiv 
many, WiUiam Smith was patiently at work among the 
rocks of England, paying special attention to the fossil 
remains of plants and animals which they contained. He 
found that the law which Werner had established for the 
succession of rock groups in Germany was equally true for 
those of this country ; ^ey were laid one upon the other in 
an order which was everywhere the same. His study of 
fossils enabled him to establish a further law of the great- 
est imi)Ortance. He discovered that each rock group con- 
tained a number of fossils different from those in any other 
group, and that by means of these fossils it could bo recog- 
nised and its place in the series determined, in cases where 
this could not be accomplished in any other way. Thus, sup- 
pose that we determine at any one spot the order in which 
the three groups, h, and c occur, and note and record the 
fossils found m h; further, that at another spot we find 
rocks containing the same fossils as but cannot see what 
is below or above them ; then, on the strength alone of the 
similarity of the fossil contents of the two rock groups, 
may safely assert that these problematical rocks belong to 
the h tpoup, and that below them there is either a or some- 
thing lower in the series, and above them either c or some- 
thing higher. 

From the first of the two laws just mentioned it was an 
easy step to show, as we shall see shortly, that the place of 
each rock group in the series gave the relative date of its 
formation, that the lowest was the oldest, the one abqve 
came next in point of time, and so on. From the second 
law we learn that the changes which had passed over the 
earth had not been confined to the inorganic portion of it, 
but had affected its living inhabitants as well ; that each 
period of its past history had had its own peculiar forms of 
Kfe, and that these had from time to time died out and 
been replaced by new forms. 

Then there arose a further branch of Geology, which had 
for its objects to determine not merely what changes had 
happened formerly on. the earth and how they Imd been 
brought about, but <d90 the order in which tlwy had occurred; 
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and further, to describe the diiferent living forms which 
had peopled the globe in former ages. 

These then seem to have been the main steps in the 
progress of Geology. It began merely with the view of 
making out what the earth was made of — with being merely 
a science of description and classification. Then in the 
pursuit of this study facts came out which told a story of 
loimer changes that had passed over the world, and geo- 
logists set to work to discover 'what these changes had 
been, and how they had been caused. Lastly, it was found 
possible to determine the order in which past changes had 
occnrrod, and the modifications in the forms of life by which 
they had been accompanied. The methods employed for 
these ends advanced Geology to the place of an inductive 
science, and their results enlarged its scope and gave lise 
to what may be called its historical brancjh. 

Tlius there arose two main subdivisions of the science, 
which may be called Descriptive and Historical Geologj^ ; 
and these it is stiU convenient to retain. One object in 
giving the preceding sketch of the progress of the scienw^ 
has been to show tliat these are not mere arbitrary or even 
convenient divisions, but grew up with the growth of 
Geology itself. 

We have already mentioned that, even in its early or 
descrij)tive stage, many of the cultivators of Geology had 
foretastes of what it would afterwards grow to ; but the 
labours of Hutton and Smith, specially those of the former, 
may be said to have raised Geology, practically at one 
step, from a bare record of observations to the dignity 
of an inductive science. Since their time it has grown 
apace, and no science can boast of a more rapid develop- 
ment.’*^ 

The student will do weU to mark that the great advance 
m#de by Hutton and Smith was won by systematic hard 
work in the field; and he must bear in mind that no 
furtlier progress can be made except in the same way: 
what may be called laboratory work, indispensable as it is, 
avails little or nothing; in Geology, unless it rest Oli the firm 
basis of field investigation. Observations made out ol 


• For more particulars as to 
the history of Oology, see Lyell’a 
Principles, vol. i. dbajpe. ii. — v . ; 
Phillip, Manual of Geolopy, 
chap. i. ; Conybeare and Phillips, 
Geology of Ehglaud and Wal^, 


Introduction. Carl Vogt, Lehr 
buch der Geologie und Petrelao 
tenkunde, voh ii. 682 — 747. 
Baubr^, Etudes snr le M^tamor- 
phisme. Mdmoires presentes k 
r Acad4miedes Soienoes, tome xyii. 
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doors need to be followed up by indoor work, if we are to 
interpret them arigbt, but Geology is fundamentally an 
open-air study. 

Before goiiig fui'tber, it wiU be well to inquire bow 
much of 3ie earth lies sufficiently within our ken to be 
properly the subject of geological investigation. Sea and 
river cliffs, the beds of brooks, quarries, railway cuttings, 
and other artificial openings, show us what is found to a 
small depth below tlie surface, and mines enable us to feel 
our way a little lower down still ; but the |)ortion of the 
earth’s mass that we can examine by these aids alone, is 
evidently very small indeed. 

We can, however, from observations made at or near the 
surface, infer, with a very high degree of probability, wffiat 
the composition of the earth is at depths far exceeding that 
of the deepest mine. 

Suppose, for instance, that we had proved, say by the 


bASeOdt/gE F G 



mine shafts A B Cj the presence of the three groups of 
rocks marked a h c^m Pig. 1, and had found them always 
to come on one over the other in the same order, and to 
iieep a regular thickness over a considerable area; it is 
highly probable that these rocks, when beyond C they 
pass out of our sight, will preserve the same order aftd 
thickness in their underground course. Assuming this to 
be the cose, a very simple calculation will give us the 
depth of any one group at a point M, and we can thus 
form a very probable conjecture as to the composition of 
the earth at a point such as B far below the bottom even 
of the deepest mine. In this way Van Decken has found 
that in parts of the Coal-basin of Saarbrucken the cha- 
racter of the rocks may be determined to a depth of more 
than three miles below the surface. In reasoning on a 
case of this sort we should feel stiQ more confident in our 
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condusian if we found, as we often do find, tlie same 
groups of rocks reappearing in the same order from below, 
as in the shafts at F and G ; and we should then have 
little hesitation in showing their underground (jourse by 
some such lines as the dotted ones in the figure. We 
should be able to determine with more accura(y the shape 
of^these underground continuations if we could observe in 
the intermediate gi'ound higher rocks, such as d «/, and 
( 7 , and detennine how they are lying. Thus, as Playfair 
remarks, ** men can see much further into the interior of 
the globe than they are aware of, and geologists are re- 
proac'hed without reason for forming theories of the earth, 
when aU they can do is but to make a few scratches on the 
surface.”^ 

8till, when we have pushed our investigations to the 
greatest depth, that either direct observations, or reason- 
ing that flows immediately from thc^m, enable us to rea(‘h, 
we shall have made ourselves acquainted with no more 
than an outside shell or rind, not more than a few miles at 
the most in thickness. 

Tliis shoU, because it is so thin, is called the crust of the 
earth, and with it Geology is first of all of necessity con- 
cerned. 

But Geology need not stop here. When we have 
gathered some knowledge of the crust of the earth, we 
are naturally led on to make this knowledge a basis for 
speculations about the nature of those inaccessible regions 
which lie below the crust. And when we have got together 
something like a history of the formation of the earth^s 
crust, we are prompted to inquire whether there ever was 
a time when our planet was without a crust, what was its 
condition at that time, and how it x>as8ed from that condi- 
tion into its present state. 

JVe shall see presently that as long as Geolog}'’ confines 
itself to the cnist of the earth, it is dealing with something 
corresponding to written records in history, and that the 
story these tell, is so clear and unmistakable that many of 
its conclusions are as certain as those of any o^ier of " the 
natural sciences ; but that, when it comes to treat of the 
inaccessible interior, or the history of the earth before it 
assumed its present state, there is nothing of the nature of 
a written record to guide its speculations, it has to lean 
mainly on a scientific use of the imagination, witli little or 


• Works (od. 1822), vol. i. p. 244. 
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no check from actual evidence, and its conclusionR conse- 
quently cannot rise above the rank of probabilities. 

Some geologists would limit Geology entirely to a study 
of the earth’s crust, others take the wider view of its 
scope just given.’"^ 

It will be seen that even in the more speculative parts 
of Geology we do not indulge in more conjecture, b^^t 
work persistently back from the seen and known to the 
unseen and unknown. We do not try to form any idea 
about tlie probable constitution of the invisible interior, 
till we have made ourselves acquainted with the visible 
outside crust ; and we do not theorise about that part of 
the earth’s history of which no tangible record is left, till 
we have diligently studied those later epochs of which 
some sort of written account has come down to us. 

♦ See Professor Huxley’s An- terly Journal, vol. xxv. ; and 
niversary Address to the Geolo- Geological Magazine, vol. vi. p. 
gical Society of London. Quar- 27d. 



CHAPTEB n. 

DESCniPTIVE GEOLOGY. 

** In the cnrner of the hall stood a box of stones. Many 
pretty eye-catching things were among them/* 

Wilhelm Mbistbk’b Travels. 

SECTION I.-OENERAL RESULTS ARRIVED AT BY A 
LITHOLOGICAL EXAMINATION OF ROCKS.* 

W E showed in the last chapter how, with the growth of 
Geology, there sprang up two main subdivisions of 
the science, to which the names of Descriptive and Histori- 
cal Geology may be given. 

Descriptive Geology or Petrography. — The first of 
these, which corres^wnds nearly witli Peti*ogTaphy, merely 
tells us what that part of the earth wliich is open to inves- 
tigation, is made of ; and is nothing more than a descrip- 
tion and classification of the substances tliat make up the 
earth’s crust. 

Bietorical C^eology or Geogenie. — But as men passed 
from examining, dissecting, and analyzing specimens of 
rocks indoors, to the larger views wliich an outdoor study 
of those rocks on a large scale affords, they came to see 
that there was every reason to believe that the crust of the 
eart*i had not been always such as it is now, but that 
different parts of it had been built up at different times 
and in different ways out of pre-existing materials. Hence 

% 

* This chapter consists of a sects. I and 2, the descriptions oi 

mass of diy aetails, which, for QunrtZjPottiJth-Felspar, Mi<'a,and 

orderly arrangoment, it was ne- Carbonate of Lime in sect. 3, and 

cessary to place together, but sects. 4, 6, and 7. This much will 

which the student will find it carry him through chaps, iii. iv. 

tedious to master and hard to and v. Before reading cha{). vi. 

carry in his head. He may, on he should go through &e omitted 

first reading, confine himself to parts of the present chapter. 
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arose a second great euLdi vision of the science, whi(h 
aims at answering the questions about the origin of rocks 
which extended study suggests. This branch of Geology, 
which is pretty much the same as the Geogenie of the 
Germans, strives to determine first of all how the different 
members of the eartli^s cruet were formed ; secondly, the 
order in which they were formed, and the changes in life 
and other events which accompanied their formation ; and, 
thirdly, tries to feel its way back to those dark and distant 
ages, when the present crust of the earth had not yet 
come into existence, and to form reasonable conjectures as 
to what the earth was like imder these conditions, and as 
to the steps it passed through in iis j progress from them to 
its present state. Under tliis siibctivision we shall cilso 
have to inquire into the methods by wliich the rocks have 
been brought into the iwsitions in wliich we now find them, 
and the way in which the surface of the ground has had 
its present shape given to it. 

We will in this chapter treat of so much of the descrip- 
tive part of Geology as it seems desirable to keep apart 
from its historical element. 

SubdiTisions of Bescriptive (Geology. — Descriptive 
Geology consists of two parts, which may be called 
Lithology a stone), and Petrology {irirpaj rock). 

Xdthology, — ^Lithology describes the results whic^h 
would be arrived at by a man who sat indoors in his 
laboratoiy, and examined small hand-specimens of different 
kinds of rock brought to him. 

Petrology. — Petrology tells us what additional infor- 
mation we gain \\'hen we go out of doors and examine 
largo masses of rock in the field. 

The first of these gives us accurate information as to 
the composition and minute structure of rocks, but alone 
it does little or notliing towards explaining how they cajne 
into existence ; indeed it is doubtfiil whetlier purtdy litho- 
logical studies ^^'ould even suggest the idea of rocks over 
having been in any way different from what they are now, 
and give rise to questions about their origin. Petrology, 
however, though it belongs in part to Descriptive Geology, 
lands us on the threshold of the Historical subdivision. 
The facts learned from it, many of them mvh as no 
amount of indoor examination of hand-8X>eciinens would 
ever have taught us, are decidedly suggestive of the notion 
that rocks have not always been such as we see them now, 
but have been produced at various times by various causes; 
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and it is mainly from a knowledge of these facts that our 
speculations as to the probable methods by which the 
rooks have been formed, take their rise. 

'V^^iat we have to say under the head of Lithology 
wiU, perhaps, be better understood if we first take one 
or two actual instances of the lithologi(yal examination of 
ro«ks. 

Instances of the Zathological Examr^tion of 
Kocks. — We have here a bit of the rock call^|k^nit^ 
and have formed a clean-cut fa(‘>e upon it with thel|||||mer. 
A very little care will show that the rock is made up 
of different substances, three of which we soon learn to 
distinguish and recognise. One is of a dull white or 
pinkish colour, and it breaks readily along a iminbor of 
smooth parallel surfaces, which have a pearly lustrf? ; the 
second is more like glass to look at, and breaks with the 
same uneven fract-ure as glass ; the third (‘onsists of thin 
plates of a dark (xdoiir, with glistening faces, and (^an be 
readily s])lit parallel to these faces with a knife. The^e 
three substances go by the names of Felsjmr, (iuartz, and 
Mi(^a respectively. They are bound togc^ther into a soliel 
r()<;k by a cement or paste ; but to make out the nature of 
this w'ould require more skill ^han we are supposed at 
present to possess. 

Hero again is another rcK‘k, which we soon see is com- 
posed of rounded grains of the same substance, (luartz, as 
w'O found in (Iranite ; touch it with a little dilute acid, 
and it (hervesces briskly ; no sndi eft'eiw'eseence takes 
place wdien we treat (Iranite in the same w*ay. In this 
rotik, tlien, we conclude that there is something present which 
does not enter into the composition of Granite. Brt^ak the 
s]>eciineu o])en. There is in it a hollow^ space lined with 
g]i>ieTn*ng ciystals, which, when toudied with aci<l, elfer- 
vef5«L*e even more strongly tliaii the body of the rock itself, 
an<l ,.re therefore ])robably formed of the other substance 
which goes to make up the rock. This substance is not 
unlike Felspar tit tlie first ghmee, but we soon learn to 
distinguish betwecai tlieni: try to scratch botli with the 
]M)int of a knife, and Felspar is much the hai*der ; Felspar 
does not cilurvooce w ith acids ; lastly, while Felspar splits 
readily in only one, or at most in two directions, this 
substance splits with the greatest ease along three sets of 
smooth, shining planes, and can be readily broken up into 
a number of pieces, each of which has exactly the same 
geometrical form, Our new accjuaintance is called Carbonate 
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of Lime, and the rock we are examining consists of grains 
of Quarts bound together by Carbonate of Lime. 

Now with regard to these substances, which we have 
found to form the component parts of the two rocks just 
mentioned, one point is imporl^t to notice. Tliough dif • 
ferent ports of the specimen we first handled, differ slightly 
from one another in composition, some containing mere 
Felspar timn anything else, and some having a more plen- 
iiful siyill^ of Micja than others, yet bits of the three sub- 
stanmlllBf which the rock is made up, possess the same 
physical characters from whatever part of the specimen we 
pick them, and, if we subject them to chemical analysis, 
we shall find them to be approximately invariable in com- 
position. 

The same would be true of the second rock even to a 
greater degree ; some parts of the rock would be richer in 
Carbonate of Lime than others, but every one of the hits 
of dean Carbonate of Lime that C 30 uld be separated would 
be found to be absolutely identical in every respect, no 
matter what part of the rock it came from. 

We have therefore found, in the case of the two rocks that 
we have been examining, that they are composed of cer- 
tain chemical compounds, each of which has always pretty 
much the same appearance, breaks always m the same 
way, and keeps always the same hardness and chemical 
composition.* 

Hfefitution of a Mineral, — Substances which possess the 
properties just mentioned^ are composed of dead mattery and htme 
been formed naturally ^ are called Minebals. 

There are other rocks the constituent minerals of which 
are not easily recognised, and others which require very 
refined methods to determine what they are made of ; but 
in all cases rocks can be shown to be made up of one 
or more of those substances to which the general tf^mx 
“mineral is applied. The cases where large rock masses 
consist of only a single mineral are very rare in com- 
parison with those where several minerals are mixed to- 
gether to form the rock. 

Bafinition of a Bock, — ^After repeated examinations 
of different kinds of rocks, like those just described, wo 
arrive at the following definition of a rock. 

Rocks are mechaniccA mixtures of oeriam inorganic mhstancesy 

♦ It will be shown presently they may be looked upon os 
that these statements are in <2orreot enough ibr our present 
many cases not i^dctly true ; but purpose. 
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more or less definite in character and composition^ hmon as 
minerals. 

We may liere mention that geologists include under the 
name Bock all the substances, hard and soft alike, which 
go to make up the earth’s crust ; clay or loose sand are as 
much rocks, in the geological sense of the word, as slate 


SECTION II.-MINERALOGY. 

The first thing which the lithologist has to do is to make 
himself actpainted with the minerals which enter into the 
composition of n^ks; and the branch of Gleology which 
teaches tliia is called Mineralogy. 

Number of B»ock forming HSinerale. — ^The total 
number of known minerals is very large indeed, but of 
these only a comparatively small number enter to any 
appreciable extent into the composition of the earth’s 
crust, and with these only is it absolutely necessary that 
the geologist should make himself acquainted. Thus 
suppose, for instance, that we examined, in the way just 
described, a lai’ge number of specimens of Granite, we 
miglit find tbem all in the main made ' up of the tiiroe 
minerals Quartz, Felspar, and ISlica ; but besides these 
three predominating comiK)nent8, other minerals would fre- 
quently present tliemselves. In many cases, for examj)le, 
we should detect, in addition to the three minerals just 
mentioned, long needle-shaped prisms of a black mineral 
known fis Schorl. But the presence of Schorl would not 
prevent us from calling the rock a Granite, and looking 
upon it as allied to other Granites w liich w^ere free from 
Scjiorl, or which .contained other minerals in addition to the 
thrc'> normal constituents. Wo might use Granite in a 
generic sense, and look upon the sc^hoiiawous and other 
fonns of the ro<j;k as different species of that genus ; or, 
what would perhaps be better, we might cjoifeider these 
last as merely varieties of the species Granite. 

Minerals, such as the Schorl just mentioned, which are, 
as it w'ere, siiperadded to the normal constituents of any 
rock, are called accessory or adomtitious; the advanced 
student will find that a study of them often throws light on 
the origin of rocks, but a knowledge of them is not necessary 
for the beginner. 
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Again, the metalKc ores, occurring as they do chiefly in 
narrow veins and threads, cannot be looked upon, except in 
some few instances, as rock-forming minerals. The mas- ' 
tery of these then the beginner may postpone till he has 
made some advance in his studies. 

Besides these two classes there are a host of minerals 
seldom met with, and some so rare that no one but a mineraJo- 
st, wh^as the most extensive opportunities of research, 
,s gygl Pf-liflTinft of oven seeing them ; with these we may 
IpEy that the geologist lias nothing whatever to do ; 
tlie beginner certainly need not trouble his head about 
them. 

When we put aside the minerals which occur only as 
accessory constituents of rocks, the metiillio ores, and tlie 
rare forms, the number remaining will not be large ; and 
it is of tlusse only that we need treat in an elementary 
work. But before we can give an account of tliose we 
must describe, as fev os space will allow, the characters 
most imix)rtant to note in minerals generally. 

Chemical Composition of Bock-forming Minerals. 
— First of all, the chemical composition of miueruls falls 
to be considered. 

Chemists divide all bodies into two groat classes : Com- 
pound Bodies, which it is possible to split up into two or 
more substances, differing from ea(?h other and from the 
compound formed by their union ; and Simple Bodies, or 
Elements, wliich no one has yet been able so to 8]')lit up. 

The latter are sixty-throe in number, but of them not 
more than nineteen, at the outside, enter to any extent into 
tlio composition of the rocks of the earth’s crust. 

The names of these nineteen elements, and the symbols 
used by chemists to denote each, are given in the table below. 

The ten placed in the first subdivision form by their com- 
binations perhaps as ramli as 977-lOOOths of the wlipole 
crust ; the two in the second subdivision come next in im- 
])ortance ; the remaining seven enter in small quantities 
into the composilioii of some common rock-forming luinorals, 
or replace in small quantities the normal constituents of 
these minerals, or are found in rock-foming minerals of 
only local occuiTence. 
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List of the Main Elemsktary Constitubntb op the Earth's 
Crcst. 


Kon^Metah. 


Metals, 


Oxvgen .... 

O. 

Aluminium . . 

. Al. 

Hydrogen . • . 

H. 

Potassium . • . 

. K, 

Siiioon .... 

Si. 

Sodium . . . 

. Ka. 

6arboa .... 

. C. 

Calcium . . . 

. Oa. 



Mflgnesium . . 

. Mg. 



Iron .... 

. Fe. 

Sulphur . . , . , 
Chlorine . . . 

. S, 



. Cl. 



Fluorine . . . . 

. F. 

Lithium . . . 

. Li. 

Phosphorus , . 

. P. 

Barium .... 

. Ba. 

Boron .... 

. B. 

Manganese . . 

. Mn. 



Zirconium . . . 

. Zr. 


Of those elements two only, Sulphur and Carbon, occur 
simple or uncombined, in a state of approximatt) purity, 
as rock masses. All the other elements are found in com- 
bination, and the foUo'wdng are the piincipal primaiy com- 
pounds, which, either by themselves or in a state of further 
combination with one another, go to make up the mass of 
rock-forming minerals : — 

1. Watm' (Hydrogen Monoxide) ITgO. When minerals 
(K)ntain water they are said to be Hydrated; wh<ui they 
are free from water tliey are described as Anhydrous, 

2. Three acids : — 

Silica (Silicon Dioxide) SiO^. — By far tlie most widely 
diffused of the rock-forming minerals, nearly one quarter of 
tlie crust of the earth being composed of it. It occurs un- 
combinod as Uuartx, and in combination in silicates to be 
^immediately noticed. 

Carlonic Acid (Carbon Dioxide) 00 

Sulplmnc Acid (Hydrogen Sidphate) 

3. Next we may take the following gn>up : — 

Alumina (Aluminium Besquioxide) AlgOj, 

Potash (Potassium Monoxidi") KO. 

Soda (Sodium Monoxide) NagO. 

Zime (Calcium Monoxide) CaO. 

Magnenia (Magnesium Monoxide) MgO. 

The silicates of these substances, with small quantities 
of Lithium, Fluorine, and Iron Oxides, make up the 
laincrals wliich compose the rocks kno'wn as CrystaUlne. 

c 
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Tlie docomposition of some of these minerals gives rise 
to Hydrated SiUcateB of Alumina, -which mixed with 
mechanical impurities constitute the different forms of 
clayey rocks. 

The most important Lime command is the Carbonate 
(CaOOj^), which forms the bulk of Limestone. 

The double Carbonate of Lime and Ma^esia (CaClDj,+ 
M^O^) is the main constituent of Magnesian Limestone or 
Dmomite. 

Sulphate of Lime, or Gypsum, (CaSO^+SHgO), occurs 
as a rock, and the Phosphate (Ca 32 P 04 ) is not uncommon 
as an accessory mineral and in veins. 

4. Common hiU (Sodium Cldoride), NaCl, occurs as a rock. 

5. Ooinpounds of Lron. The following are the most 
frequent : — 

Mmnatiie or Specular Iron Ore (Iron Sesquioxide) FejOjj. 

Mroicn llmmatite or Linmnite (Hydrated Iron Sesquioxide), 
2(Fe,03)3(n20).*' 

Magmiiie or Loaddone^ a^ 4 - 

Spathic Iron (Ferrous Carbonate) FeCOj. 

Silicate of Irony 2(FeO)SiOg. 

All these substances, except the last, occur now and then in 
sulHcient quantity to form rock masses, and Magnetite enters 
in small quantities into the composition of many crystalline 
rocks. But the most prominent part iron (xjmpounds play 
is in furnishing the colouring matters of many rocks : 
generally the anhydrous sesquioxide gives rise to red tints 
of variable intensity ; the hydrated sesquioxide produces 
colours ranging from yellow to brown ; while the carbonate 
confers a grey or bluish grey hue. Many variations in 
tone are caused by mixtures of the different iron com- 
l>oimds, and other colours are produced by different amounts 
of hydration of the sesquioxide. f Impuro Silicate of Iron 
is sometimes disseminated through sandy rocks in suf^pient 
quantity to give them a gi’een tinge. 

Iron Pyrites (Fernms Disulphide), FeSg, is one of the 
commonest aecessoiy minerals, and sometimes occurs in 
quantities deserving the name of rock masses. It may in 
some cases have furnished by oxidation the colouring 
matter of rocks. 

6. Baryta (Barium Monoxide), BaO, enters into the 

♦ For other Hjrdrates of Iron, tion oflron in Van* e^ted Strata,'* 
seeProf. Brush, Silliroan*8 Jonm., and the papers referred to hy 
2 ju 1 eer. xliv., 219. him. Quart. Joum. Geol. Soc., 

t See Maw, ** On the Disposi^ xxiv. 36X. Dawson, ibid., v. 25. 
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oomposition of the very common mineral Barytes or Sul- 
phate of Baryta. 

7. JSireonta (Zirconium Dioxide), ZrO„ appears as a 
Silicate (Zircon) in certain rocks. 

8, Boracic Acid, (Boron Trioxide), BgOj, may be noticed 
as a volcanic product. 

Z^emal Form and Internal Structure of Mine- 
rals. — 1st. Crystalline Forms. — The nextipoints to notice 
about minerals are their external form and internal struc- 
ture. They ve^ frequently occur in the shape of regular ' 
geometrical soli^, bounded by smooth shining faces. Such 
forms are called Crystals, and the study of them Crystallo- 
gi’^hy. 

The planes that bound crystals are called their faces ’’ ; 
the intersection of any two faces is called an edge ; and 
the point where throe or more edges meet is called an 

angle”. The solid angles formed by the meeting of 
three or more faces are the solid angles of the crystal, and 
the inclination of two faces to one another is called an 
** interfaeial angle”. 

Let us consider one or two actual cases of Crystalline 
forms. 

Here is a piece of a mineral already mentioned, Carbonate 
(0^) (W 





w 


Fiij. 2. 


« 


of Lime or Calc Spar (Fig. 2, a). It is a solid bounded by 
smooth, glistening faces, each of which is a rhombus, and 
all these rhombuses are of exactly the same shape, that is, 
the corresponding angles are the same for every one. The 
solid is called a rhombohedron. Knock a bit off one 
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corner; it falls away in the shape of a rhomhohedron, 
smaller than the one from which it has been broken off, 
but in every other respect exfictly similar (Figs. 2, h and c). 
The rhombic faces of the detached fragment have their 
angles exactly equal to the corresponding angles of the 
rhombuses tliat bounded the original block, and the cor- 
responding inteifacial angles of the two specimenr are 
exactly equal. Fuither, the bit we have broken olf can 
itself be further broken up into rhombohedrons (Fig. 2, d), 
these again into stiU smaller rhombohedrons, and in every 
case the shape of the fragments will be identically that of 
the block we started with. 

Cleavage. — This property which the mineral has of 
breaking more readily in certain directions than in others, 
and of breaking in these directions with a smooth face, 
is called Cleavage, and the smooth faces thus obtained 
are called Planes of Cleavage. We might by force make 
Calc Si>ar break in other dii ections than those of the 
Cleavage Planes, but the surfaces we should thus obtain 
would be no longer smooth and sliining, but rougli and dull. 

But Calc Spar is found crystallised not only in the shape 
of a rhomhohedron, but in hundreds of other forms besides. 
One of the commonest of these is called, from the pointed 
shape of the cry^stals, Dog Tooth Spar. Take one of those 
tooth-shaped crj’stals, tap it gently w’ith the hammer, and 
it will fail into a number of rhombohedrons identical in 
every respect ex(jept size with those of our first specimen. 
This crystal, seemingly so different from the rhombohedron 
we were just now handling, is really built up of a number 
of elements agreeing ^\ith it exactly in tlieir geometrical 
forai. This will also bo found to be the ease with all the 
different crystalline shapes under which Calc Bpar is found. 

Fundamental Form. — ^The rhombohedron to which 
all cr}'stals of Calc Spar can be reduced is called the^ 
Fundanuaitul F(.>rm of the mineral. 

Calc Spar has been chosen for the foregoing (example 
because it clf^aves reaflily parallel to all the faces of its 
fundamental form. In other crj'stallised substances cleav- 
age Clin be obtained only in two or one directions ; and in 
othei’s not at all, or only with the gi*eate8t difficidty. 

The student may also easily verify for himself anotlujr 
case in which one crrystalline form may be made to pass 
into another by moan.s of cleavage, viz. that of Fluor Spar. 

This mineral is found frcjquently crystallised in (aiW, 
tittcn as Fig. 3, « K a knife bo placed near one of the 
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angles of the cube, touching the face A B C D in ^ line 
parallel to the diagonal A 0^ and equally inclined to the 
three faces that meet in Jff, and then ftrmly pressed against 
the crystal, a bit will fly off, bounded by triangular faces, 
and the crystal be reduced to the shape in Fig. 3, 1. If eadi 
of the angles bo treated in the same way, the whole ciystal 

(a) W 





Fig. 3. 


may be similarly modified. We shall then find that we 
may continue to split off slices parallel to faces correspond- 
ing to a h Cy till the ciystal is reduced to the shape in 
Fig. 3, which is a solid bounded by six squares, each of 
which is formed by joining the middle points of the edges 
of each face in the original cube, the dotted figure g 
in fact of Fig. 3, J, and eight equilateral triangles. By still 
further continuing the process the square faces grow smaller 
and smaller, till 3ie crystal is at last reduced to the shape 
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of Fig- 3, wliich is a regular octohedron, bounded by eight 
faces, each of which is an equilateral triangle. Each of 
the angles of the octohedrori occupies what was the centre 
of a face of the original cube, the relative position of which 
is shown by dotted lines. 

By simiL^ reasoning to that just described it has been 
ascertained that all the multitudinous and compli^ted 
crystalline forms met with in Nature may be reduced to a 
few simple shapes, of which it is usual to reckon some 
dozen as fundamental. 

These we will now describe, jfirst adding to the definitions 
already given the following : — 

Axes of Crystals. — ‘ ‘ The Axes of a crystal ’’ are imarf- 
nary lines, about which the crystal is symmotncaUy 
arranged. They connect either opposite angles, or the 
centres of opposite faces, or the middle points of opposite 
edges. We have, therefore, in any symmetrical crystal 
several sets of axes to choose between. The choice how- 
ever is not arbitrary, that set being selected in each case 
which optical or other properties of the crystal prove to be 
related to its intimate molecular constitution. 

S&nmeration of Fundamental Forms. — The Funda- 
mental Forms are as follows : — 

let. pRisjfATic Forms. — I f we take any two plane 
figures exactly alike in every respect, place them so that 
each side of the one shall be parcel to the corresponding 
side of the other, and then join the corresj^onding angles 
by straight Knes, the solid so enclosed is a prism. The 
two similar plane figures are called “the ends^^ the other 
bounding figures, which it is easy to see must be parallelo- 
grams, ore called the “lateral faces’ and their inter- 
sections “ lateral edges”. The line joining the centres of 
the ends is called the “ longitudinal axis” ; the other axes, 
called “transverse axes”, connect either the centres of 
opposite lateral faces or the middle points of opposite 
lateral edges. It is easy to see that the tranverse axes lie 
in a plane of the same shape and size os the ends. 

Pnsms are classed according to the shape of their ends ; 
a prism with square ends is a 8(]^uaxe one with 

hexagonal ends an hexa^nal prism. Further, if the 
longitudinal axis is perpendicular to the ends, the prism is 
a “ right prism ” ; if not, an “ oblique prism”. 

Among the fundamental forms of minerals the following 
are prismatic : — 

1 a * Bight Prisms. — ^Lateral faces rectangles ; longitudi- 
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nal axis, as it is easy to see, always perpendicular to the 
transverse axes. 

The cube. Bounded by eigkt equal squares. The axes 
connect centres of opposite faces, are all equal and perpen- 
dicular to one another. 

Tim right $qmre prism. Ends squares. Transverse axes 
connect centres of opposite lateral faces, tliey are equal and 
lierpendieular to one another, but not equal to the longi- 
tudinal axis. 

The right rectangular prism. Ends oblongs. Axes connect 
centres of opposite faces, are perpendiculai* to one another, 
and all unequal 

The right rhomhie prism. Ends rhombuses. Transverse 
axes connect centres of opposite lateral edges ; they are 
therefore the diagonals of a rhombus, and so at right 
angles to each other, but unequal ; they are also unequal 
to the longitudinal axis. 

The right rhmihoidal prism. Ends rhomboids. Axes con- 
nect centres of opposite faces. They are all unequal, and 
the transverse axes cross one another obliquely. 

The right hexagonal prism. Ends regular hexagons. 
Transverse axes connect either centres of opposite lateral 
faces, or middle points of opposite lateral edges ; they are 
equal, and form angles of 60® with each other, but are not 
equal to the longitudinal axis. 

1 h . Oblique Peisms, — ^Lateral faces parallelograms ; longi- 
tudinal axis oblique to plane containing tranverse axes. 

Ohlique rhombic prism. — Ends rhombuses. Transverse 
axes connect middle points of lateral edges. They are 
tlierefore the diagonals of a rhombus, and are unequal and 
perpendicular to each other. 

Oblique rkomboidal prism. — ^Ends rhomboids. Transverse 
axes as in the last. They are therefore the diagonals of 
a ihomboid, are unequal and cross one another obliquely. 

Li both these forms the longitudinal axis may be per- 
pendicular to one and oblique to the other of the trans- 
verse axes ; or it ma^ be oblique to both of them. In the 
latter caae the prism is said to be doubly oblique. 

2nd. PvEAMiDAL FoBAts.— If we draw straight lines to 
the angles of a plane figure from any point outside its plane, 
the solid so enclosed is a pyramid. The plane figure is 
caUed the base, the other boundii^ figures, which are 
evidently tnangles, the faces : the point is called the vertex. 
If the Hue connecting the vertex with the centre of the 
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base is perpendicular to the latter, the pjTMiid is a right 
pyrajnid ; if not, an oblique pyramid. 

The following pyramidal forms occur : — 

The regular octokedron , — we take two pyramids, with 
equal square bases, and faces equilateral triangles, and 
place them base to base, we get this solid. The axes con- 
nect opposite angles, and are evidently all equal an^ at 
right angles to each other. 

71ie square octohedron . — This solid is formed by putting 
base to base two pjTamids, whose bases are equal squares 
and faces equal isosceles triangles. The axes connect 
opposite angles ; two being the diagonals of a square, are 
equal and at right angles to one another ; the tliird is at 
right angles to these two, but not necessarily equal to them. 

Two more forms remain to be described. 

The rhmnhic dodecahedron . — A solid bounded by twelve 
equal rhombuses. The axes coimoct opposite angles. It 
is hopeless to attempt to make the student realise the 8haY)o 
of this solid either by description or a plane figure, bin he 
may easily construct a model of it as follows. L(‘f liim cut 
out in stitf paper or cartlboard a figure like that in Fig. 4. 



Fig. 4, 

Then bend np the four rhombuses BL, OR, and DF, 
round the lines AB, B€, €D, BA respectively, till the 
edges NBy MB come together, and also the edges BE, B G, 
and paste a strip of thm paper over the joining edges to 
keep them togefltier. He wfll then have formea one-half 
the solid, which will stand on the face A B CB \ the other 
half may be formed in exactly the same way, pl^d on the 
top of the haH first formed, and the two joined together by 
pasting strips of thin pax>er along the e<%e8. The dodoca* 
hedron so fortned will have two of its opposite faces open. 
Now let him pass a thread fi-om A and C to the opi>osite 
angles, and another from the point where N and if have 
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been brought together to that where JEE and Q have been 
brought together. These threads are the axes, and by 
looking through the open faces, a little geometrical reason- 
ing will show that they are eqjxal and perpendicular to one 
another. 

TTie rhomhohe&ron , — solid bounded by eight equal 
rhombuses. Of this the student had better make a model 
thus. Cut out the figure in Fig. 5 ; bend up along the 



lines C Dj E G H, till KL and AB coincide, and 
fasten the two latter together with a strij) of paper and 
gum. This will give a rhombohedron with two faces 
ojKui. He will find that the three plane angles, which 
contain the solid angles at C and G, are all equal, but that 
such is not the case with the other solid angles. C and G 
are c*allod the vertices, and the edges that meet them are 
called verti(*al edges ; the other six edges are called lateral 
edges. Threads connecting the niidclle points of opposite 
lateral edges will be the transverse axes ; they are easily 
seen to bo the lines connecting the opposite angles of a 
regular hexagon, and are therefore equal, and indined at 
anglt)s of 60^' to each other ; a thread connecting the two 
vertices is the longitudinal or principal axis ; it is evidently 
► porfjondicular to the transverse axes. 

It is clear that the rhombohedron is only that particular 
case of the obliqTie rhombic prism in vrhich aU the edges 
are equal. One main reason for making it a di^inct fomx, 
and giving it the above set of axes, is, that optical pheno- 
mena sliow that the principal axis is intimately connected 
witli the molecular structure of the crystal. 

CSiasttificatioii of Fandamental Fomui. — ^The funda^ 
mental forms just described are classed according to the 
number, relative dimensions, and inclinations of their axes 
in the following six systems. 
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F(yr\m with three axes all perpendicuhr to mu another, 

L Monometric, Isometric, Tesseral, Cubic, or Eegular 
System. Axes all equal. 

Cube, Eegular Octohedron, Ehombic Dodecahedron, 

2. Dimetric, Pyramidal, or Tetragonal System, Only 

two equal axes. , 

Ei^it square prism. Square octohedron. 

3. Trimetric, Ehombic, Orthorhombic, or Ehombohedral 
system. Axes all unequal. 

Eight rectangular prism. Eight rhombic prism. 

Forme with three axes, not all perpendicular to each other, 

4. Monoclinic or Oblique System. 

Axes all tmequal ; two perpendicular to each other, one 
of these two being perpendicular and the other oblique to 
the third axis. 

Eight Ehomboidal Prism. Oblique Ehombic Prism, in 
which the longitudinal axis is perpendicular to one of the 
transverse axes. 

5. Triclinic or Anorthic System. 

Axes all unequal and all oblique to one another. 

Doubly-oblique Ehombic Prism. Doubly-oblique Ehom- 
boidal Piism.’*^ 


Forme with four axee ; three traneverse^ equal, and making 
angles of 60° with one another; longitudinal perpendicular to 
tramverse and not equal to them. 

6, Hexagonal, Ehombohedral, Ehomboidal, or Monotri- 
metric System. 

Hexagonal Prism and Ehombohedron.f 

Xiaws of Chrystalline Form. — The following are the 
two main laws respecting Cleavage and Orystalliiio Form. 

(1.) Cleavage takes place parafiel to the faces of a fuitda- < 
ment^ form, or to the diagonals of a face. 


♦ For that form of the Oblique 
Ehomboidal Prism, in -which the 
longitudinal axis is x>erpendicular 
to one of the transrorse axes, 
some authors have invented a 
Diclinic System^ in which there 
are two axes perpendicular to one 
another, and a third oblique to 
both these two; hut it seems 
doubtful whether sudt a form 


has ever been met with in 
nature. 

t The student will find models 
a very groat aid to understanding 
the form of crystals. He cannot 
do better than eonstmct them 
whoEy himself. Full directions 
will oe found in Elementary 
Crystallography, by J. B. Jordan. 
Hurby, 1873. 
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(2.) Bodies which have the same chemical composition 
take, when they crystallise, either the same crystalline 
shape, or shapes which can be reduced to the same funda- 
mental 

The following are the three principal exceptions to the 
latter law, 

1. Folymorphim , — Some substances, while retaining the 
same chemicial composition, are caj^able of assuming crys- 
talline shapes belonging to two or more different systems. 
This is sx^okon of as Dimorphism when the different crys- 
talline shapes are two in number ; Trimorx>hism when they 
ar<^ throe ; and so on. 

Sulx)hur, for instance, crystallises both in octohedral and 
X^rismatic forms, and is dimorx)hic. 

2. ImmrphiHm or HommomorpMm . — In some cases two or 
more bodies, differing in chemical comjwsition, may replace 
each other in the comx)osition of a mineral, without altering 
its crystalline form. Such substances are said to be Iso- 
morphous or Homoeomorphous with each other. 

Thus, for instance. Lime, Magnesia, and Protoxide of 
Iron are isomorphous substances, which rexdace one another 
in many minerals, without j)roducing any alteration in the 
crystalline shax^e. 

The replacement is well seen in the case of the group of 
minerals mown as Garnets. The chemical composition of 
all these may be rGX)re8ented by the formula — 

3(EO)2(8iO,)-hE,0,SiO„ 

when E in the first bracket is sometimes Calcium, some- 
times Iron, sometimes Magnesium. 

3. F^eudomorphism. — This occurs when a crystal has 
the crystalline form characteristic of one mineral and the 
chemical composition of another. For instance, Carbonate 
o^Lime crystallises in rhomWhedrons, Quartz in six-sided 
prisms; we do find, however, crystals of Quartz having 
the exact shape and angles of a rhombohedron of Carbonate 
of Lime. Such a crystal is called a Pseudomorph, and in 
the case mentioned would be described as a Eteeudomorph 
of Quartz after Carbonate of Lime. 

Pseudomorphs are arranged in the following classes 
according to their mode of formation : — 

A. — ^Displacement Pseudomorphs. 

Very small variations have stance. These are probably due 
been noticed in the angles of dif* to the nresonce of small quantities 
ferent or)' stale of the samemib- of meeWupaUy mixed imparities* 
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(A a) By incrustation^ when one mineral has coated over 
a crystal of another mineral. 

(A li) By replacem-enty when the substance of one mineral 
has been removed, and its place taken by another mineral, 
the substitution liaving proceeded atom by atom, so that 
the crystalline fonn and sometimes the cleavage of the first 
miner^ is retained. 

B, — ^Alteration Pseudomorphs. 

(B <?). By the removal of constituents. 

(B h). By the addition of new constituents. 

(B e). Bj^ the taking away of some constituents and their 
replacement by others. 

Thus there are two minerals, Selenite and Anhydrite, 
each of which occurs in the crystalline form of the other ; 
the first is a hydrated, the second an anliydrous Sulphate 
of Lime. When we fine Selenite under the fonn of Anliy- 
drite, one constituent, the water, has been removed, ami 
the case comes under (B a). Conversely, Anhydrite in the 
form of Selenite comes under (B h). Again wo find Car- 
bonate of Lime with the crystalline form of Selenite. 
Here the Carbonate of Lime may have been decomposed, 
and Sulphuric Acid put in the place of Carbonic, Add, and 
we should then have an instance of (B c). But the change 
may be produced by the gradual removal of the Carbonate 
of Lime, and, as each atom is taken away, by a correspond- 
ing atom of Selenite being put in its place, and then the 
Pseudomorj)h would be put in the class (A b). 

The study of Pseudomorphs, specially those of the last 
class, often throws great light on tlie steps through which 
a rock has passed before it reached its present form. Thus, 
in many rocks which contain Chlorite, this mineral can be 
shown not to have been one of the original constituents of 
the rock, but to have been formed by the alteration of Horn- 
blende or Augite. Amd thus we leam that certain chloritic 
rocks, though they now differ from others of Homblendic 
composition, may have been originally identical with the 
latter and formed in the same way. 

Forms which are sometimes called Pseudomorphs are 
also produced in this way. A crystal is removed in solu- 
tion, and the mould thus formed is afterwards filled up 
with a non-crystallised substance, and so a cast of the 
crystal is formed. Thus crystals of Common Salt are 
sometimes formed by ovaj>oratioii on the margin of a salt 
lake ; the crystals are afterwards dissolved away, and the 
hollows produced filled up with mud, and a model of the 
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crystals formed in the latter substance. Mud-casts of the 
crystals of other salts besides Common Salt have also been 
noticed, of prismatic crystsils of Sulphate of Magnesia for 
instance (Geol. of Canada, Report to 1863, p. 346). 

For details respecting the exceptions noted above, the 
student must refer to works on Mineralogy. 

Zbtternal Form and Internal Structure of SEine* 
rals. — 2nd. Amorphous Forms. — When minerals have 
neither oxtonial crystalline form nor internal ciystalline 
structure, they are said to be amorphous. 

Among amorj)hous forms the follo\^dng are the most 
important : — 

The Glam /. — At first sight no two things can seem to 
be so totally distinct as a well-crj^stallised and a glassy 
mineral. The regular goometiical form of the one, find 
the smooth glistening faces along which it breaks, con- 
trast in the most marked way with the shapeless lumps 
and rough uneven fracture of the other. The same 
mineral, however, is often capable of assuming both 
shapes, and expeiiments lead us to the belief that it is 
the conditions under which they are formed, that decide 
whether minerals shall be glassy or crystalline. Thus, if 
a body harden from a state of fusion, it has been observed 
ill many cases to take the shape of a glass if it cools 
quickly, and to crystallise if it c(»ols slowly.* And some 
substances hu.v<^ been found to change slowly from a glass 
into fin impcrfiictly crystalline mass by a gradual rearrange- 
ment of their molecules. 

The Colloid^ Gelatinouft^ or Jelly-like . — By certain chemi- 
c-al jiroci^sses some minerals, Bili(‘a for instance, can be 
precipitated from solution in a gelatinous or jelly-like 
fonn. Minerals occair in natiu'e, with very much the look 
of hurdt'ned jt'lly, which there is good reason to believe 
wgi*e formed l>y a similar operation. 

Granular, wlion a mineral consists of gi'ains with- 
out external crystalline form. The grains may be rounded, 
or iiTf^gulariy augular. Such a structure is of Jen obtained 
A’i lien a substance is precipitated from solution too rapidly 
to allow of its molecules arranging themselves in crystal- 
line forms. And if minerals are broken up by mechanical 
force and the fragments in any way bound together again, 
a gi'auulor substance will result. If the fragments are 

♦ See, for instance, Sir James Hall's Experiments, Transactions 
Boy, Soc. of Edinburgh, v. 43.^ 
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rolled about and rubbed against one another, by running 
water for instance, the grains become rounded ; but if no 
such action takes place, they are sharp and angular. 

When substances can exist under two or more physical 
conditions, they are said to be Alhiropic, As an instance 
of Allotropism we may take Carbon, which occurs under 
the three forms of the Diamond, Graphite, and Charcoal. 

Other l^opertiee of SIEmerals. — Iliere are many 
other properties of minerals, besides their chemical compo- 
sition, form, and structure, which are of use in enabling 
us to recognise them. Of these tests we shall specially 
notice only those which are of easy application and avail- 
able in the field. 

Streak is the colour of a scratch made on a mineral, or 
of the mark w’hich it makes on paper or a bit of unglazed 
porcelain. 

The Colmr^ Lustre^ and JVansparency are other charac- 
teristics it is often useful to note. 

The Hardness of a mineral is a most useful test. It can 
be determined either by drawing a knife or file across the 
mineral, or by seeing what minerals it can scratch and 
what can scratch it. 

Mineralogists have a fixed scale of hardness ; the geolo- 
gist soon learns by nse the relative hardness of the few 
minerals he has to deal with. 

Allied qualities are Fractwre, or the nature of a freslJy 
broken surface, Frargihility, and Toughness. 

The Weight should also be noticed. A rough determina- 
tion in the hand is sometimes useful in the fiSd. 

Some soluble minerals have Taste^ and others can be 
made, by rubbing them or breathing upon them, to give 
off characteristic Odours. 

The prox>ertie8 of minerals connected with Lights Ehc- 
tricity ^ and Magnetism cannot be entered into in an eje- 
mentary treatise, beyond mentioning the fact that, as the 
field geologist is seldom without a pocket-comimss, he has 
about him the means of finding out whether a minoral is 
magnetic or not. 

The above sketch of the jprincipleB of Mineralogy is all 
we have room for here. The student who wishes to go 
more fully into the subject may consult Daim^s ** Manual 
of Mineralogy,^’ Bristow’s ‘‘ G^lossary of Mineralogy;” 
Nichols’s ‘^Sements of Mineralo^,” MitcheE’s Crystrf- 
lography in ^^Orr’s Circle of flie Sciences,” Rutley’s 
^‘Mineimogy” (Murby’s Science Series), Naumann’s 
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“Elemente der Mineralogie,” Naumaim’s “Elemf^nte der 
theoreti^chen Krystallograpliie,” and Phillips’s Miner- 
alogy by Brooke and Mmer.” Perhaps the most complete 
treatise in English on the subject is Dana’s System of 
Mineralogy.” 


SECTION III.~.ENTTMERATION AND DESCRIPTION OF 
ROCK.-FOXiMING MINERALS. 

We may now pass on to the description of that small 
body of minerals out of which the great mass of rocks is 
made up, arranging them, as near as may be, in the order 
cif their relative importance. 

A. — Minerals composed of Silica. 

The /ninerals of this class may bo divided into two 
groups according as the Silica that enters into their oom- 
jK)sifion is Anhydrous or Hydrated. The main constituent 
of the first class is Anliydrous Silica or Silicon Dioxide 
(SiOj). Vaiious forms of Hydrated Silica, difi!ering in the 
amount of water they contain, are known to chemists, the 
most important being Silicic Acid or Silicic Anhydride 

Silicon Dioxide, when crystallised, has a specific gravity 
of 2*6 ; it is insoluble in any acid except liyd^fluoric acid, 
and is dissolved under ordinary circumstances only very 
slowly in boiling solutions of caustic alkali. We can, 
however, by certain chemical procoB8es,f produce a solu- 
tion, from which Hydrated Silica may bo precipitated in 
an amorj)hous or non-crystalline state. We can also, by 
the method known as dialysis, obtain a solution of pure 
Silicic Acid in water, and from this Hydrated Silica will 
separate out in a jeUy-Uke or g(datinous form. Silica 
obtained by either of these methods has a specific gravity 
of 2*2 to 2*3. After it has been precipitated, or has 
gelatinised, it becK^mes again insoluble, and^can be ob- 
tained in solution afresh only by repeating the process by 
which the solution was originally procured. 

It should also be noted that Silica, in a nascent state, 
that is, when just set free from combination, is more 

♦ Wattses DicUoiiary of Che- t Roscoe, Lessons in Ele- 
mistry and Bupplentenis, Arts. mentary Chemistiy, p. 14d; 
‘^Silica/* ** QuiaU/" and ** OpaL” Ohemicm News, vol. xiii. p* 187. 



32 


GEOLQGY. 


readily soluble in acid or alkaline waters than in its 
ordinary state. In this way, wben minerals containing 
silicates are decomposed by natural causes, a portion of 
the Silica is taken up and «oarried away in the water of 
springs or rivers, and tlius the water both of lakes and 
of the sea holds some Silica in solution. This process is 
facilitated by an increase of temperature and pressure. 

Quartz , — ^Anhydrous Silica, pure, or coloured by small 
quantities of Oxide of Iron and other impurities. 

It occurs crj'staUised in six-sided prisms, terminated by 
six-sided pyramids, or in double six-sided pyi-amids, or in 
modifications of these forms, belonging to the Hexagonal 
System. No cleavage. Hard enougbi to scratch glass with 
eas(}. Specific gravity when crystallised 2*5 to 2*8. In- 
fusible alone before the blowpipe, with soda fuses to a 
transpjirent glass. The crystals known as Bristol, Buxton, 
or Irish Diamonds are clear transparent Quartz ; coloured 
X)urplo or blue by Oxide of Manganese it forms Ametliyst ; 
other coloured varieties have special names. 

Quartz, as a (Constituent of rocks, occasionally occurs in 
crystals ; in most eases, however, it has no external (jrys- 
taUine form, but occurs in rounded glassy gi’ains or 
** blebs,” or in masses of an opaque, milk-white colour; in 
the latter state it very frequently forms veins, and hence is 
known as Vein Quartz.” Many rocks also are in a large 
measure composed of Sand, whicdi is a collection of grains 
of Quartz worn and rounded by mechanictil means. 

The great har(lne,.ss of Quartz, the absence of any 
cleavage, and its conchoidal fracture, will enable the 
student readily to distinguish Quartz from any mineral he 
has much to do with. 

Opal , — Hydrated Silica, mixed in the varieties known 
as Common Opal or Half Ox)al with Peroxide of Iron, 
Alumina, Lime, and other impurities. The prox)ortion of 
water ninges up to 13 per cent. Amoi'X)hous conchoidal 
fracture. Specific gravity P9 to 2*3. There is eveiy 
reason to believe that Opal is hardened gelatinous Silica, 
]>roduced in rocks by tlio decomx> 08 itioii of silicates, and 
se]>arated out by a natural jirocess corresponding to the 
dialysis by wliich gelatinous Silica is obtained in tlie 
ialioratory. 

Opal, in its purest form, can be looked upon as only a 
rare accessory constituent of rocks. An impure Half Ox^al, 
however, is deposited from the waters of hot springs — the 
Geysers of Iceland for instance — ^in sufficient quantity to 
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form rooks. It also occurs in the form of tliin bands or 
layers in certain siliceous rocks. 

Chalcedony y Flinty Cherts Ja^pe^', Ay ale , — These are the 
principal examples of a class of minerals wliich are 
perhaps Silica in a state of transition from the anhy- 
drous to the hydrated state ; according to some authorities 
they are mixtures of Silicon llioxide and Silicic Acid, and 
the soluble portion can be dissolved out by alkaline solu- 
tions.^ 

They occur mainly as nodules or concretions, or in veins, 
occasionally in thin layers, and fonn an important ingre- 
dient in the constitution of many rocks. 

B. — MiXEBALS COMBOSEI) M.UKLY OF SiLIOATES. 

B (1). — Felspar Group. 

The Felspars are a group of minerals composed of Sili- 
cate of Alumina combined with Silicates of Potash, Soda, 
and Lime. Small quantities of Magnesia and Oxide of 
Ii’on are frequently present. 

Their specilie gravity ranges from 2*5 to 2*7 ; and their 
hardness is 6, mat is, they can be scratched by quartz, 
will 8(3ratch glass, and cannot be touched by the knife, or 
only to a sHght d(.*groe and with excessive ditficulty. 

Some of the Felspars are among the most widely distn- 
biited of the rock-forming minerals. The principal species 
are as follows : — 

Grthoolase or Potash Felspar . — Composed of one equiva- 
lent of Potash, one of Alumina, and six of Siliea : K( b 
AlgOg,6(8iOj). A small of the Potasli is often re- 
X)laced by Soda, and a little Lime and Oxide of Iron are 
often present. 

Monoelinic^ in modified oblique prisms. Chares, parallel 
to tie base and to the diagonal, which is oblique to the 
longitudinal axis of the prisms. The two cleavages are 
therefore at right angles to one another, whence tlxe name. 
Streaky greyish white. LustrOy vitreous, and pearly on the 
cleavage faces. Fi'octurcy conchoidal to uneven and splin- 
tery, Not acted on by acids. 

Sanidtne or Glassy Felspar is a common variety of 
Orthoclase. The crystals are of a glassy brightness, more 
or less transparent, and often cracked and creviced. 

* Zirk^ L^buoh der Petrographie, toI. i. p* 291. 
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It is rery generally stated that Orthoclase is confined to 
the older and Sanidine to the newer crystalline rocks ; but 
it is very doubtful whether the latter part at least of this 
generalisation can be upheld by facts. 

Alkite or Soda Felspar. — Composed of one emiivalent of 
Boda, one of Alumina, and six of Silica : Na^OjAIgOj, 
^(SiOg): generally very small admixture of Potash, Lime, 
Magnesia, Oxide of Iron. 

Trtclinwy in modified oblique rhomboidal prisms. Gene- 
rally occurs in flat twin ciystals. Colour, mostly white ; 
tinges the blowpipe flame yellow. Streak, colourless. 
Fracture, uneven. Lustre, vitreous, pearly on basal cleav- 
age planes. Not acted on by acids. 

Oligoelase. — Oomj)06ed of two eq\iivalents of a Protoxide, 
two of Alumina, and nine of Silica: 2(K0),2(Alg03), 
9(SiOg). 

Soda is the most common Protoxide, but it is often 
partly replaced by Potash, lime, or a small admixture of 
Magnesia. Oxide of Iron is also frequently present in 
small quantities. 

When crystallised, Ti*icUmc in doubly oblique rhomboidal 
prisms. Chares, parallel to the base and shorter lateral 
axis. Streak, coloui’less. Fradure, oonchoidal or uneven. 
Lustre, resinous ; on principal cleavage planes vitreous or 
pearly. Insoluble in acids. May often be distinguished 
from Orthoclase by the presence of fine parallel striatioiis 
on the basal cleavage planes. 

Lahradorite or Lime Felspar. — Composed of one equiva- 
lent of a Protoxide, one of Alumina, and three of Silica : 
P0,Alg03,3(Si0g). 

The Rotoxide is mainly lime with some Soda ; there 
are generally small admixtures of Potash and Magnesia. 

TricUnic, in doubly oblique rhomboidal prisms. Cleavage, 
parallel to base, mostly coloured, and sometimes shows 
a beautiful play of rich tints. Streak, colourless; 
white. Differs from preceding Felspars in being entirely 
soluble, when powdered, in nitric or heated hydrochloric 
acid. 

Anorthite, another Lime L'ehpar. — Composed of one equi- 
valent of lime, one of Alumina, and two of SUica : CaO, 
AIg 03 , 2 (Si 0 g). 

With the lime there are small admixtures of Soda, 
Potash, and Magnesia. Alumina re2>laoed to a small 
extent by Oxide of Iron. 

usual form a doubly oblique rhombic prism. 
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Clemagey parallel to the base and shorter lateral axis. 
Streaky colourless^ white. Dracturey conchoidal. Com* 
pletely soluble iu concentrated hydrochloric acid without 
gelatmising. 

In aR the Felspars there is present one equivalent of 
Protoxide to one equivalent of Alumina, but the proportion 
of Silica varies. Thus if we represent the Protoxide by jt?, 
the Alumina by Uy and the Silica by e, we have : — 

p : a : e :: I : I : 6 in Orthoclaso and Albite. 

: : 1 : 1 : 41 in OHgoelase. 

: : 1 : 1 : 3 in Ijabradorite, 

: ; 1 : 1 : 2 in Anortliite. 

The first two Felspars are hence spoken of as Highly Sili- 
cated or Acidic ; the rest as Poorly Silicated or Basic. 

The Felspars are also subdivided according to their crys- 
talline form into Monoclinic or Orthoclastic, and Triclinic 
or Plagioclastic. The two principal cleavages of a Mono- 
clinic Felspar are inclined to one another at an angle of 90*^ ; 
the two chief cleavage planes of a Triehnic Felspar inclose 
an angle less than 90°. Orthoclase is a MonocHnic Fel- 
spar, all the rest mentioned above being Trielinic. There 
is an easy test by which we can frequently detect Triclinic 
Felspars. Wlien light is allowed to play on the basal 
cleavage plane, a fine parallel striation is frequently de- 
tected; this striation is not found on the basal cleavage 
planes of Monoclinic Felspars.* AVhenever, then, this 
striation or striping is visible, we may be sui'e that the 
Felspar u not Orthoclase, We cannot, however, safely 
infer from the absence of stricc that the Felspar is Tri- 
clinic, A Triclinic F(dspar will be either Albite or one of 
the basic forms ; and at first sight it does not seem to be a 
[>Tgat matter to bo able to say this and no more. Prac- 
tically, however, the chances axe, that any Triclinic Felspar 
which enters largely into the composition of a rock is a 
basic variety, because Albite rarely occurs as an essential 
constituent, Wlxen, therefore, a rock contains tn consider- 
able quantity a Triclinic Felspar, it furnishes a very strong 
presumption that it is basic and not acidic in composition, 
and we shall learn hy-and-hy that this is an important 
point. 

• Stje also ** Notes oa some Read before the Geological B<k 
P aculiarities in the Hiorosoopio ciety, May 12th, 1875. 

Structure of Felspar,** F. Rutley. 
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The foregoing are tho best marked and most generally 
admitted members of the Felsyar group of minerals. It 
will be noticed that the composition of all of them admits 
of a certain amount of variation ; and there are varieties, 
which we cannot treat of here, which tend to form connect- 
ing links between the more pronounced species. In fact, 
scarcely any two mineralogists are agreed as to how far the 
different members of the Felspar group are to be looked 
upon as minerals of fixed chemical composition, and how 
far as mixtures of definite chemical compounds. The 
student who wishes to go into this question, w’ill find it 
noticed in Jukes’ ** Student’s Manual of Geology” (3rd ed. 
p. 73), and Zirkel’s ^^Lehrbuch der Petrographie” (vol. i. 
p. 27), and he may further refer to the original memoirs 
from which those writers have drawm their information. 
AVhen he comes to know more of the probable way in 
which the crj^stalline rocks were formed, he wnll most 
likely come to the conclusion that variations in the chemical 
composition of their constituent minerals is only what 
might be expected ; and that, though it is useful for the 
imiqioses of ciassificatiop, and conduces to clearness of 
thought, to pick out some of the best defined varieties and 
mve them names, it is necessary to bear in mind that in 
S^ature there are so many connecting links between these 
more marked forms that no hard line can bo drawn be- 
tween them ; and care must be taken not to be led by the 
love of system into giving to classification more value than 
it is fairly entitled to bear. Tlie main point for the 
beginner to bear in mind is the proportion whicli the Silica 
of each species bears to the other mgredients, because the 
acidic and basic varieties keep in a manner apart from one 
another, and have each a ^oup of associated minerals of 
their own, and it is upon this circumstance that the main 
divisions of the crystafiine rocks are based. ^ 

Two miner^ closely allied to the Felspars may bi5 
noticed here. 

Leueite , — Composed of one ^uivalent of Potash, one of 
Alumina, and four of Silica, with admixture of Soda up to 
six per cent. 

Monsmetrie, in twenty-four faced trapezohedrons. Sard- 
mm, 5*5 to 6. Specific Gravity, 2*4 to 2^5. Soluble in 
hydrochloric acid. 

Nephdim . — ^Composed of four equivalents of a Protoxide, 
four of Alumina, and nine of Silica. The Prctoxide con- 
sists of Soda and Potash, and luost analyses give four 
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atoms of Soda to one of Potash. Small variable quan- 
tities of Lime and Sesqidoxide of Iron are also often 
present. 

Hexagonal^ in six-sided tabular crystals or prisms. Hard- 
nesSf 5'5 to 6. Bpecifio Gra/vityy 2*68 to 2*65. Gelatinizes 
with acids. 

We may also notice here a very numerous body of 
minerals included under the family name of Zeolites. 

They are closely related in chemical composition to the 
Felspars, but differ from them in all containing water, the 
amount varying from 4 to 22 per cent. It is from this 
latter circumstance that they derive their name, for the 
presence of water causes them to froth and bubble up 
before the blovq>ipe (^€o>, to boil), it also makes them 
much more easily fusible than the Felspars. 

B (2 ). — Mica Group. 

A number of minerals go by the general name of Mica, 
which all agree in being easily split into thin flakes or 
leaves. 

Their chemical composition is variable, and not very 
definite; they contain from 35 to 50 per cent, of Silica, 
15 to 40 per cent of Alumina, and from B to 10 per 
cent, of Fotash; the other ingredients being Soda, 
Iron, Magnesia, Fluorine, Manganese, Lithia, and ocjca- 
siondly Chromium and the rare metals Cmsium and 
Eubidium. 

Their specific gravity ranges from 2*8 to 3, and their 
hardness trom 2 to 3; so that sometimes they can be 
scratched by the nail, and can always be easily scratched 
with the knife. 

The Micas fall into two classes according as they contain 
Magnesia or not. 

(1) Kon-magimian Micas. 

Mmmits or Potash Mica, — ^Contains from to 50 per 
cent, of Silica, 30 to 38 per cent, of Alumina., and about 
10 per cent, of Potash, with Iron, Manganese, Fluorine, 
and occasionally Chromic Oxide ; always some water, in 
some cases up to 5 per cent. 

Ehomhky crystals often in six-sided tables. Chamgc 
parcel to base highly perfect. Flexible, and in thin 
laminae elastic, the latter property distinguishing it from 
Tale and Selenite. Not decomposed by acids. 
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This mineral is found in Bussia and elsewhere in plates 
large enough to allow of its heing used for lanterns, win- 
dows, and similar purposes ; it is then known as Muscovy 
Glass. 

Lepidoliie or LitJiia Mica. — This mineral differs mainly 
from the last in containing from 2 to 5 per cent, of Lithia, 
and a larger percentage of Fluorine, from 2 to B per 
cent. It also contains Soda, and sometimes Ceesium and 
Bubidium, but no Magnesia, or only very small traces 
of it. Melts very easily before the blowpipe, colouring 
the flame red. Imj)erfectly soluble in acids, wholly so 
after fusion. 


These contain 39 to 41 per cent, of Silica, and Magnesia 
in varying amounts up to 30 per cent, ; they are also 
richer in Sesquioxido of Iron than the Non-maguesian 
Micas. 

The two chief varieties are known as Biotite and Phlo- 
goHte. 

The Micas are easily recognised by the ease with which 
they split into thin flakes, which are both flexible and 
elmtic. Tlie only other common minerals which split in the 
same w^ are Talc and Selenite, and the laminm of these 
are flexible but not elastic. Talc also has a greasy feel, 
which serves to distinguish it. 

It is, however, by no means easy to say to which species 
any paiiicular specimen of Mica belongs, and this can often 
be determined only by chemical analysis or optical proper- 
ties. Perhaps as a rule the Magnesian Micas are more 
generally dark-coloured than the Non-magnesian. 

B (3). — MomhUndic or Augitic Group^ 

The minerals of this group are bisilicates of one or more' 
protoxide bases, such as Lime, Magnesia, Protoxide of 
Iron, and Protoxide of Manganese. The protoxides replace 
one another isomorphously, and give rise to great varia- 
tion in the chemical composition of different varieties. 
Part of the Silica is also frequently replaced by Alumina. 
In their normal state they contain no water, out certain 
species have a tendency to take up water, and thus give 
nse to new varieties. 

The two chief species are Hornblende and Au^te. 

Hornhhnde orAn^hihoU, — ^In these varieties, which contain 
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Alumina, tlie proj)ortion varies up to 14 per cent. Silica 
varies from 45 to 60 per cent. 

Monodmie^ in modified forms of an oblique rhombic prism, 
parallel to one face of the prism very perfect, 
frequently laminated and sometimes fibrous. Colour ^ usually 
black or greenish black, but also of various shades of 
grey, yellow, or brown, and even white. Streaky white, or 
paler than the colour, Bxtrdnmj 5 to 6, Tough. Bpecijio 
Gravitg^ 2*9 to 3*4. 

Augite or Pyroxene. — In the aluminous varieties, wh'ch 
are the most plentiful, the Alumina ranges up to 8 per 
cent. Siiitja varies from 47 to 56 per cent. 

Monoclhm, in modified oblique rhombic prisms. Colour^ 
black or greenish black, but sometimes of paler tint. 
Strmk, white or greyish. Ilwrdneuuy 5 to 6, Brittle. Speeijie 
Graviiy^ 3 to 3*5, 

In chemical composition Hornblende and Augite are 
similar, and, indeed, the variations in this respect to which 
both are liable, are so great that it seems scarcely possible to 
disting^sh between them on this ground, though, perhaps, 
Augite usually contains more Lime and less Alumina than 
Hornblende. 

Their crystalline forms, however, though both belonging 
to the same system, differ in their angles, and, when 
crj'stals perfect enough to be submitted to measurement 
can be obtained, the two minerals may be distinguished by 
this test. Sometimes the difference can be detected by the 
eye, for the larger €U 2 gle of the Hornblende prism is 124'* 
30', and in Augite varies from 87® 5' to 92® 55', the one 
being sensibly larger than a right angle, and the other as 
near as may be a right angle. Hornblende also frequently 
occurs in a laminated form ; Aurite rarely or never. One 
of the varieties of Hornblende, uralite, however, is said to 
hMo the external form of Augite and the cleavage of 
Horublonde. 

These facts lead one to the belief that Hornblende and 
Augite ore really only two forms of the same mmeral ; and 
that the difference between them is owing to a difference 
in the physical circumstances under which they were 
formed, such, for instance, as rate of cooling, if they arose 
from a state of fusion. 

It is however worthy of notice, that, while Hornblende 
occtirs associated witli free Quaitz and the more highly 
silicated as well as the basic Felspars, it is said that 
Augite has never yet been found with Quartz or Orthoclase. 
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But we are quite ignorant whether this, and many other 
facts respecting the association of minerals, was true of the 
rock from the time of its first foimation, or wh(»ther it is 
due to subsequent alteration. But this is a subject that 
must be deferred to a subsequent chax)t6r. 

Biallage and Brmzite are foliated varieties of Augite. Tlie 
surface of the thin jdates into which they are divided are 
of a j)early lustre in the first, and brassy and metallic in 
the second. 

ITypersthene is a mineral agreeing with Augite in general 
composition, but (Tystallising on the Ithombie System. 

Olivine , — Silicate of Magnesia, the Magnesia being 
frequently replaced in part by Protoxide of Iron j a little 
Protoxide of Manganese is also frequently present. 

Tliis mineral occurs most frequently in glassy masses of 
an olive green colour in Basalt and other rocks. 

B (4 ). — Talc and Chlorite Group. 

The minerals which may be placed together under tliis 
head are essentially Hydi’ated Silicates of Magnesia. Tliey 
are soft, and have usuaDy a soapy or greasy feel. Tluir 
specific gravity ranges from 2*6 to 2*8. 

Tale . — Hydrated Bisilicate of JMa^esia, with from 1 to 
4 per cent, of Protoxide of Iron, and Alumina up to 5 x^er 
cent. Found rarely in six-sided tables ; believed to belong 
to either the Phombic or Monocliiiicj Bystom ; usually with 
a foliated stnujture, which allows it to be s])lit into thin 
plates, that are flexible but not elastic, ^\^lite, silvery 
white, or greenish, with pearly lustre. Streak, white or 
]>aler than the colour. Very soft, and easily cut with a 
knife. Unctuous to the touch. 

Chlorite . — Hydrate Silicate of Magnt^sia and Alumina 
with Protoxide of Iron. 

Hexagonal^ sometimes in tabular six-sided prisms. 
granule and disseminated in scales. Very soft. Not so 
unctuous to the touch as Talc, and yields water when 
heated in a glass tube, which Talc does not. Usual colour 
a dark olive green. Streak, greenish gray. 

Serpentine . — Hydrated Silicate of Ma^esia with small 
quantities of Alumina and Protoxide of lion. 

Rarely occurs ciy^stallised in doubtful forms. Usually 
massive. Colour very frequently different shades of green, 
sometimes red and brown, often veined and mottled. 
Harder than Talc or Chlorite, but may be easily cut Muth 
a knife. Slightly soax^y feel. 
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C. — COMPOTTNDS OP LiMB. 

Ono of the most widely diffused aud important minerals 
the geologist has to deal with is Carbonate of lime. When 
crystallised it occurs imdor two forms, one of which, Cal- 
cite, is extremely common ; the other, Aragonite, is not so 
frequently met with. 

Vdcite or Vale Spar. — Rhomboliedral, primary form an 
oblique rhombohedron. Cleavage^ very perfect and easy 
parallel to all the faces of the rhombohedron.* Hardness^ 
2*5 to 3*5, so that it can be easily scratched with a knife. 
Specific Gravity^ 2*6 to 2*7. Effervosces briskly with acids. 

The crj-stals, when sufficiently transparent, are strongly 
double rofnujting. 

Tliis, which is one of the commonest, is also the most 
easily recognised of minerals. Its ready and perfect 
cleavage, the ease with wliich the knife scratches it, and 
its effervescence mth acids, distinguishing it from any 
mineral w'hich it otherwise resembles. 

Aragonite. — ^Ehombic. Usually in compound prismatic 
crystals, the cross section of which is star-shaped *Nnth 
re-entering angles. Also very frequently fibrous, with 
sometimes a silky lustre. Can be scratched with a knife, 
but is sensibly harder than Calcite. Effervesces with 
acids, ^ 

Bitterspar. — Composed of Carbonate of Lime and Car- 
bonate of Magnesia. Ithomhhdral, The primary Ehom- 
bohodron differs very slightly from that of Calcite, but 
the faces are very commonly curved. The lustre of the 
cleavage planes is also often someT^Iiat pearly. Effer- 
vesces much more slowly than Calcite with cold acid, 
but the powder efte?rvesce8 briskly with hot acid. Some- 
"WBat harder than Calcite. These tests will generally 
distinguish it from Calcite, which otherwise it much 
resembles. 

The proportions of the two carbonates vary veiy much in 
different specimens, as will be seen from the following 
Table of analyses token from Dana*8 Mineralogy f 

♦ See page 25. 

t See also Bischof, Chemical Geology, ii I7« 
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Atomic proportioii 
of Carooiiate of 

TheoTotical Oom- 
poaition. 

Composition of epeoimeiiB analyzed. 

Lime to Carlxmate 
of Magnesia. 

CaCOs 

MgCO, 

CaCQa 

MgCO, 

1 : 1 

64*35 

46*66 

610 to 67-91 

44-32 to 38-97 

3:2 

64^1 

35’9 

69-0 to 66-21 

39*50 to 34*79 

2 : 1 

70-4 

29*6 

78*0 to 68-0 

26*0 to 26*1 

3 ; 1 to 5 : 1 



77-63 to 85-84 

' 18*77 to 10*39 

1 : 3 



27*53 to 28 

67*97 to 67*4 


The first variety in the Table is usually loolced upon as 
the normal ty[.)e of the mineral, and. the others are supposed 
to l>e produced by portions of one carbonate being replaced 
by corresponding portions of the other. The Grystalline 
forms of the two carbonates differ so little, that we can 
easily itoagine this replacement taking place without the 
crj'stalline form of the comj)Ound or mixture being affected 
to any groat extent. It is said, however, that the angles 
of the Rhombohedron of Bitter Spar are not constant, but 
a3)proach those of Carbonate of Lime or Carbonate of 
Magnesia, according as the first or second salt predomi- 
nates in the composition. 

This mineral is also sometimes called Dolomite, but it 
will be convenient to restrict that term to rock^ in which 
Bitter Spar is the main ingredient. ^ 

Gypmm . — Hydrated Sulphate of Lime. The crystalliseST 
form is known as Sdenite. MonocUnic^ generally in flat right 
rhomboidal prisms, often combined so as to give arrow- 
headed forms. Cleaves Muth ease in one direction, giving 
thin plates which are flexible, but not elastic. Soft enough 
to be scratched with the nail. Pure varieties white and 
semi-transparent, with pearly lustre; frequently stained 
with various colours. 

Gypsum also occurs amorphous in large masses, and in 
thin layers, or veins, which are frequently fibrous, and have 
a silky lustre. 
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Anhydrite , — ^Anhydrous Sulpliate of Lime. Rhombic^ 
tliree cleavages at right angles to one another. About as 
heird as Calcite. 

The two following are not uncommon as accessory 
minerals : — 

Fluor Spar , — Fluoride of Calcium (CaFl^). The crys- 
talline form and cleavage have been described on p. 20. 
Eather harder than Calcite. Of various colours, and often 
with a brilliant gemlike lustre. When heated with sul- 
phuric acid gives off hydrofluoric acid, which corrodes 

f lass. Gives a phosphorescent light when placed on 

eated iron. 

Apatite . — ^Phosphate of Lime (Ca„ 2 P 04 ), with veiy fre- 
quently some Fluoride or Chloride of Calcium. Hexagonal, 
in modified hexagonal prisms. Harder than Fluor Spar, 
but not so hard as Orthoclase. Dissolves slowly in nitric 
acid, but without effervescence. 

The compounds of Iron, and some few other minerals, 
which can hardly be considered to belong to the Eock- 
forming class, have already been noticed (p. 18). There 
are also other accessory minerals of very common occur- 
rence, which will, sooner or later, come under the student's 
notice ; but for descriptions of these he must turn to works 
on Mineralogy or larger treatises on Geology. 

SECTION IV.— LITHOLOaiCAL CLASSIFICATION OF 
EOCKS. 

We have now given a sketch of such parts of Mineralogy 
as will suffice for the needs of a beginner. The student, 
when he has mastered this, may be compared to a child 
that has learned its alphal^et ; and as the next step with 
tl^e child is to show mm how letters are put together to 
form words, so we must now go on to show the reader how 
rinerals, with which he has made acquaintance, are 
combined into rocks. 

Zathologioal Classifloatiou of Boclcs. — ^We will first 
see what results would bo arrived at by Litholdgy, or an 
indoor examination of hand-specimens alone. By this 
method of research one would be led to divide rocks into 
two great classes — Ciy’stalline and Non-crystalline or 
Granular. 

Chrystallma Books. — The rocks of the first class consist 
of crystals with their angles and edges sharp and un- 
rounded, embedded in a paste not so distinctly crystalline. 
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Von-erystalli&e Bocks. — Tke Non-cryfltalline or Gra- 
nular rocks, on the other hand, are composed of particles 
more or less rounded, worn, or broken, held together by a 
cement or paste. The latter may be crystaHine, but the 
student must not imagine the x^ossession of a crystalline 
cement in a Non-crystalline rock in any way allies it to 
the rocks of the first class. Why this is, we cannot explain 
at present ; but we shall see by-and-by that the modes of 
formation of the two kinds of rock were totally different. 

To these main subdivisions the lithologist would i)ro- 
bably add two more, either as independent or subordinate 
classes. 

One would include certain rocks closely resembling in 
many respects members of the Granular class, which yet 
show a marked tendency towards a crystalline texture ; 
rocks which give the idea that they have been once iden- 
tical wdth the Gi*anular rociks they still resemble, but have 
had a certain amount of ciystallisation superadded to their 
original condition. 

Tile second additional class ivould take in rocks which 
may be separated on these grounds. WTiile in many of 
the Crystalline rocks the constituent minerals are thrown 
together without order or arrangement, in these rocks there 
is a tendency for the difi'erent minerals to be arranged each 
one by itself, in separate layers. Such rocks go by the 
name of Schistose ((rx^rros, split), or Foliated (Folium, 
a leaf), because the arrangement of their components tend 
to make them split into thin flakes or leaves. 

Lithological examination, then, leads us to the following 
dassifioation of rocks : — 


1. Crystalline. 


2. Non-crystallme 
or 

Ghanular. 


/la. Confusedly crystalline : minerals not ar- 
J ranged in order. 

lib. Schistose or Foliated : minerals airanged 
\ each by themselves in separate layei;g^ 

/2 a. With no trace of crystallization, unlessTS; 
1 be a cryatalline cement. 

12^. With more or less of a tendency to a super- 
\ added crystalline texture. 


Some rocks would stiU remain, which it would puzzle a 
lithologist to assign to their proper place in the above 
scheme. He would find all kinds of intermediate steps 
between the Confusedly Crystalline and the Schistose ; and 
some rocks, such as common roofing slate, which, tliou^h 
undoubtedly granular in texture, are so thoroughly schis- 
tose as to seem to require a special class for memselves. 
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But these imperfections in the classification are only a 
necessary consequence of the one-sided method by which 
it was arrived at. It looked merely at the composition and 
texture of rocks, and paid no hoed to the way in which 
they have been formed. It is only when both circum- 
stances have been taken into account that we can arrive 
at an}^hiiig like a satisfactory rock classification. 

Some writers would add as distinct classes of rocks the 
two hdlowing : — ^ 

Glassy or Hyaline . — Wo have already seen that in the 
case of minerals tliere was no essential difference between 
their glassy and crystalline forms, and that it is the con- 
ditiem undt>r which the mineral is formed that determines 
which shape it takes. The same is equally true of rocks. 
When we come to describe the different kinds of rocks, we 
shall find the follo\^ ing two facts to be true. For every 
glassy ro( k there is a ro(k of exactly identical chemic^ 
composition with a crystalline texture ; and the two forms 
pass by insensible gradations into one another. And when 
we come to inquire into the way rocks were formed, we 
shall see that it was either the rate of cooling, or the degree 
of fluidity, or some such condition, wliich caused the rock 
to assume at one time a glassy and at another a crystalline 
shape. We may therefore look upon the glassy state as a 
particular case of the crystaUine. 

Porodinotis, or those which have solidified from a gelatinous 
state. Certtiin minerals, such as Opal, we have seen, have 
in all likelihood been formed in this way, and in some cases 
considerable bodies of rock have probably been 2 )ermeated 
by fluids, from which minerals have gelatinised out and 
become incjorporated with the rock; but it seems very 
doubtful whether any large rock mass is known, w'hich was 
ever entirely composed of a gelatinous mineral. 


SECTION V.— CRYSTALLINE ROCKS. 

In accordance with the classification just mven, we will 
consider first the Crystalline rocks, and vpiU begin with 
those j)eculiai*ities which come under the head of Texture 
or Grain, and depend on the relative size of the particles. 

Texture of Cryetallme Hooke. — In some of these 
rodks the crystals ore large enough to be seen by the un- 

* Naumann, Lehrbuch der Geognoeie, i. 393. 
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aided eye; sucli are called Ma’Cro^crystaUine^ or Coarsely 
Crystalline, Bocks of tliis character, when single de- 
tached crystals are disseminated in an earthy or less 
crystalline paste, ore said to he Forphyritic, In the case 
of other rocks closer scrutiny or the aid of a pocket lens 
becomes necessary to enable us to recognise their crystals, 
and these are known as the Micro-orystaUine^ or Finely 
Crystalline, Lastly, there are the Crypto or Ohsmrely Crys- 
talline members, in which crystals can be detected only in 
highly magnified transparent slices, and by the aid of 
optic^ properties, such as polarisation and double refrac- 
tion. 

Some rocks, which cannot strictly be called crystalline, 
have a glassy texture ; these are placed in the present sub- 
division for reasons given a little way back. 

Ciystalline rocks occasionally put on a loose friable 
form, and are then said to be earthy, 

Stimctore. — We may next pass to the various shapes or 
structures which Crystalline rocks assume. Some of these can 
be detected only by the examination of large masses in the 
field, and belong to the head of Petrology. The following 
are recognisable in hand-specimens, and may be noticed 
here, 

Bocks full of little rounded cavities, like those pro- 
duced by the boiling up of gas in a furnace slag, arc 
called Vehicular, Whan tlio cavities are numerous, the 
rock is said to be Scoriaceous or Slaglike, and in the ex- 
treme case, when the hollow spaces occupy the major part 
of the body of the rock, to be Pumiceom, We shall see 
presently that many of the Crystalline rocks have been 
juoduced, just like slag, by the cooling of melted matter 
that flowed out in a fused condition ; in these the vesicles 
are dragged out and elongated in the direction of the flow ; 
in other cases, when the pressure was more neai’ly unifjmn 
in aU directions during consolidation, the cavities approacK 
more nearly a si^herical shape. 

Tlie cavities of a vesicular rock are sometimes fiJ.led up 
with mineral matter ; the rock then is called an Amygda- 
loid,^ from the resemblance of the contents of the hollows 
to almonds. 

Subdivisions of the Crystalline Bocks, — The classi- 
fication of the Crystalline rocks is a matter of the greatest 
difficulty, The variations in their composition are all but 
endless, and present so many intermediate steps from one 
form to another, that it is scarcely ever possible to establish 



CRYSTALLINE BOCKS, 


47 


any two subdivisions between which connecting links may 
not be found. The anxiety of some observers to elevate 
every variety that may have come under their notice to the 
rank of a distinct species, has led to an unnecessary mul- 
tiplication of names ; and more confusion is introduced by 
dilferent writers using the same name for rocks of different 
mineral composition.^ Still, if we shake ourselves clear 
of minute details and take a broad view of the composition 
of this class of rocks, it seems possible to parcel tln^m out 
into two main subdivisions, sufficiently marked in their 
mineral composition to be clearly distinguishablt> from each 
other, and a third class partaking in some measure of the 
distinguishing characteristics of the first two. The exist- 
ence of this third class of course makes it impossible to 
draw any hard lines between the throe classes, and in some 
cases leaves it doubtful to which of two subdivisions a 
particular rock ought to be referred ; but if we neglect 
for an instant these connecting forms, and fix our attention 
on typical instances of the two first-named subdivisions, we 
shall find these so distinct from each other, and find also 
among the different varieties of rocks so many that con- 
form more or less closely in mineral and chemical compo- 
sition to one or other of them, that we may usefully group 
together the rocks that resemble one tj’pe in one class, and 
those that resemble tlie other type in a second class, even 
though we know that between these two classes there lies 
a debatable ground, into wliich each of them merges by 
almost insensible gradations.f 

All the Crystalline rocks have a Felspar for one of their 
princmal ingredients, and as the Felspars are dividetl into 
the iiiglily Silictited or Acidic and tlie Poorly Silicated or 
Basic, so the Crystalline rooks can be divided into two great 
subdivisions, according as their prevailing Felspar belongs 
to the first or second of the Fel8})ar families. The third 
Subdivision mentioned partakes in some degree of the 
characters of both of the two first. 


♦ Fortunately these matters are 
not as impoitant as might at first 
sight appear. What the geolo- 
gist wants are not the minute 
differences insisted on by mine- 
ralogists and petrographers, but 
some broad leading groups in 
which to arrange the rocks ho 
meets with in the field ; and, above 


all, a careful account of those 
larger structures which enable 
him to reason about their origin. 

t For a very striking instance 
of a gradual passage from the 
extreme type of one of these 
classes to the extreme type of the 
other, see Leonhard's Jahrbnch 
(1873), p. 22«5. 
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Acidic BocIcb. — Tlie first of these great subdivisions is 
known as the Acidic, Highly Silicated, Felspathic, or 
Trachytic class* The Felspar is one of the highly silicated 
species, Ortlioclase or Albite, though Oligoolase is frequently 
present as well; tliere is generally also a portion of 
free or uncombined Silica present in the shape of Quartz. 
Other minerals may enter into the composition of rooks of 
this class; but its two distinguishing characteristics are 
those just mentioned, the higiuy silicated character of its 
Felspar and the presence of free Quartz. 

Tlie Acidic rocks are poor in Lime, Magnesia, and Iron, 
and the absence of these substances, which act as fluxes, 
and their richness in Silica, makes them difficult of fusion. 
Their specific gravity ranges from 2*3 to 2*7. 

Basic Bocks. — ^Tlie second grt>at subdivision is known 
as the Basic, Poorly Silicated, Magnesian, Ilomblendic, 
P\TOxenic, Basaltic, or Dioritic class. 

Tlie Felspar may be Oligoclase, but is more frequently 
Labradorite, Anorthite, or some basic form, and Hornblende 
or Augite is very generally an important ingredient. No 
free Silitia is present as a constituent mineral, but Quartz 
may occur as an accessoiy. 

Compared with the former class these rocks arc poor in 
Silica, and rich in Lime, Magnesia, and Iron. Hence they 
are the more readily fusible of the two classes. Their 
Bj>ecific gravity ranges fi’om 2*7 to 3*1, so that they are also 
the heavier of the two. 

The extreme and tyj^ical rocks of the Acidic and Basic 
classes are widely removed and clearly distinguishable from 
each other ; as has been mentioned however tliere are 
many rocks of an intermediate character which form con- 
necting links between the two, and for the reception of 
some of thase an intermediate class may be established, 
though it is altogether impossible to say exactly where its 
boundaries on either side are to be drawn. PerhapS^ 
however, the following may be taken as the broad ^s-, 
tinguishing characteristics of each class. 


A. — ^Acroio Class. 

Composed of highly silicated Felspar with Quartz. 
llelaSively light and infusible as compared with the Basic 
rocks. 
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B. — ^Inte3Mediate Class. 

Composed of highly silicated Felspar without Quartz. 

C. — Basic Class. 

Composed of poorly silicated Felspar with Hombleiide 
or Augite. No free Quartz. Belatively heavy and fusible 
compared with the Acidic rocks. 

A very useful rou|!^h-and-ready test for determining to 
wliich class a ciystalhno rock is to bo referred is furnished 
by the crust formed on the outside by the action of the 
weather. The weathered surface of an Acidic rock is very 
usually wliite owing to the decomposition of its Orthoclase ; 
the large proportion of iron in the Basic rocks by its oxida- 
tion generally stains their weathered crust, often to a 
considerable depth, brown or red. They also frequently 
effervesce with acids in the cracks and crevices of thp surface, 
owing to the fonnation of Carbonate of Lime out of the 
constituents of their Lime Felspars. These tests are not 
infallible, but in a majority of cases they may be relied 
upon. 

In the following table the average composition and 
specific gravity of titie rocks of each class is given. 
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It is easy to see to a certain extent how these subdivi- 
sions arose, and why the component minerals of the 
crystalline rocks do not occur indiseriminatdly, but are 
associated together according to broad general laws. 

In some cases there has been Silica enough to form tlie 
most highly silicated compounds possible, and some to spare 
besides ; in these accordingly the highly silicated Felspars 
prevail, and the superfluous Silica appears as Quartz ; in 
other cases the Silica was not so plentiful, tibere was only 
enough to form poorly silicated compounds, and all there 




60 


GEOLOGY* 


was was used up in doing this ; Lere therefore we find basic 
Felspars and no free CluarfcE. Why magnesian silicates 
should be so much more largely associated with basic than 
witli acidic Ftjlspars is not so easy to explain ; the student 
may consult Ihirocher’s speculations on tiiis point, which he 
will find very carefully and lucidly explained in Prof. 
Haughton’s ‘‘Manual of (Jeology,” chap. i. Appendix A. 
We must wam him, however, that some of the brilliant 
Frenchman’s facts are, to say the least, doubtful, and others 
are capable of a very ditferent explanation from that he puts 
on them. 

The scheme of classification just described depends, it 
wdll be seen, mtiiniy on the proportion of Silica in each 
variety of rock. Other authors have subdivided the crystal- 
line rocks according to the Fol8j)ar which predominates in 
them. These, and other like systems, rest on a purely 
mineralogieal basis, and it will be found that tliey all alike 
lead, when we come to details, to more or less vagueness of 
definition and confusion of nomenclature. 

To a ceitain degree possibly tills must always be the case. 
The composition of a large rock mass varies in many cases 
so much from point to point, that, if we trust merely to 
mineral composition, it is impossible to fix on a name that 
will be applicable to all parts of it, and yet there may be 
satisfactory geological evidence that all the varieties were 
produced at the same time and fundamentally by the same 
operation, and that their differences must therefore be from 
a geological standpoint accidental. Hence arises a constant 
clashing between mineralogieal and geological classification ; 
as yet we have only the fir^, but the time may come when 
an arrangement of the rocks now under consideration on a 
true geological basis will be possible, and then we may 
hoi>e that many of the present seeming contradictions will 
vanish. The right thing seems to be to look upon alLthe 
present schemes of dassification of the crystalline rocks as 
probably artificial, something like the Lizmaean system in 
Botany, and to wait patieni^^ till a more extendi know- 
ledge enables some one, who shall be at once a groat 
potrographer and a great geologist, to establish a natural 
system, which shall pay I’egard first and foremost to the 
method of fomiation of the rocks, and look ux>on their 
niiueral composition as merely subsidiary. 

One instance will jjerhaps moke remarks more 

intelligible. Of the large class of Acidic rocks grouped 
together as Felstones, some have been lava streams poured 
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out in the open air, some hare consolidated from a fused 
state at great depths below the surface, and some are rocks 
originally non-crystalline that have been rendered crystal- 
line by heat ; of the differences between these three kinds 
of Felstone a mineralogical classification takes no note, so 
long as they agree, wmch they often do, in mineral com- 
position; whereas a natural system would at once place 
them in distinct and widely separated classes. 

We will now pass to some of the more prominent exam- 
ples of the three classes of crystalline rocks. 


A. — ^Acidic Bocks. 

According to the nomenclature now in use the rocks of 
tliis class may be grouped under three heads, Quartzose Tra-> 
ckytesy FeUtoneSy and GraniteB. All are essentially mixturtis of 
Quartz and Orthoelase ; Oligoclase is also frequently present 
to a considerable amount ; some of the members contain 
besides Mica and Hombhmde, sometimes as accessories, 
sometimes in sufficient quantity to make these minerals 
essential constituents.’*^ 

Each of the three families into which we have divided 
the Acidic rocks contains varieties distinguished either by 
difference of texture or structure or by slight variations in 
mineral composition. The last consist mainly in the addi- 
tion of certain accessory minerals to the norm^ constituents 
of the itKik, and have not yet been shown to be of geological 
value. But we have ab*eady hinted, and shall show more 
fully further on, that the texture of a crystalline rock is a 
matter of the utmost importance, because it indicates the 
cionditions under which the rock was formed. It is there- 
fore on differences in texture and structure that we shall 
1 b,\* especial stress. 

£0 take one instance. In the case of the Trachytes we 
have the following variations depending on texture or 
grain ^ 


Porj)hyritic Trachyte. 

Macro-crystallme Trachyte. 
Micro-crystalhne Trachyte. 
Ciypto-crystalline Trachyte or Rhyolite. 
Glassy Trachyte or Ohmdian. 


* For Analyses of the Acidic Books, see the table on page 49. 
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Other Torieties depending on strucyture are— 

Vesicular Trachyte or Milkione Porphyry, 
Pumiceous Trachyte or Pumice. 

Concretionary Trachyte or Perlite, 

Laminated Trachyte or PhonoUte, 

Now some of these varieties are, as far as external 
characters go, so utterly unlike one another, that litholo- 
gically they are separate rock species and have received 
distinct names. Obsidian is glass, Ehyolite a compact 
flinty stone, MiUstone Porphyry a rough cavernous rock, 
and no one would suspect from the look of these three rocks 
that they had anything in common. But, for all that, they, 
and the other varieties named, are really only the same 
rock under different forms. They agree in ultimate 
chemical composition and are mode up of the same minerals, 
and each form can be observed to pass into the one next to 
it by insensible gradations. And when we come to pass 
from mere lithological diassification to an inquiry into the 
way in which these rocks were formed, we shall find that 
the origin of the different varieties was this. All are rocks 
which were once in a melted state ; where the fused mass 
was cooled quickly, it took the form of a glass or Obsidian ; 
where the cooling was somewhat slower but yet not slow 
enough to allow of the formation of crystals oi any size, a 
compact rock, Ehyolite, was the result ; and as the rate of 
cooling became less rapid, the rock became more obviously 
crystafiine, and the more coarsely grained varieties were 
produced. It is very convenient to distinguish these 
different forms by different names ; but the student, when 
he uses these names, must carefully keep before his mind 
that the rocks denoted by them are in spite of diff erences 
of condition all Trachytes. He may talk of Obsidian, but 
he must always think of it as Glassy Trachyte. 

In the case of some ciystalline rocks we have a perfect 
series from the glassy to the most coarsely crystalline form ; 
in others the series is not complete, some terms having not 
been observed to occur. 

A a, — Qmrtzoee Tr achy tee. 

The more coarsely crystalline of these rocks consist of 
crystals of Sanidine and less abundantly of Oligoclase, with 
crystals and grains of Quartz, embedded in a paste. Mica, 
and more rarely Hornblende, occur in them occasionally* 
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The paste is an intimate mixture of Orthoclase and Quarts, 
and IS often rough and cellular. The grain varies through 
all degrees of coarseness; sometimes the crystals are 
numerous and large enough to make the rock porj^hyritic, 
and from this form aU gradations may he met with down 
to a rock which may he called micro-crystalline. Where 
the matrix is open and cellular, the rock yields millstones, 
and has heen c^ed MilUtom Porphyry, 

By a ^adual decrease in the coarseness of the c^ain we 
pass to the compact or crypto-crystalline form of Trachyte, 
which has been called Rhyolite, This rock is compact, 
flinty, and sometimes half-glassy ; it is composed of Quartz 
and Orthoclase so intimately mixed, that no grains or 
crystals can be detected except in highly magnified trans- 
parent slices. It is occasionally rendered j)orphyritic by 
the presence of crystals of Sanidine, Oligoeme, Mica, and 
Quartz. 

The glassy form of Trachyte is called Ohaidian. This 
rock has the appearance and lustre of glass, with a con- 
choidal fracture, and is usually of a black or dark brown 
colour. It has sometimes the look of a true homogeneous 
glass, though even in tliis case the microscope shows very 
minute crystals in it; sometimes it becomes porphyritic 
by the presence of small visible crystals in its glassy 
matrix; and sometimes it has a vesicular or blistered 
structure. 

The next form we have to notice is Pumice, a rough 
glassy rock, traversed in every direction by cracks and 
cavities, and made up to a large extent of connected, thread- 
like masses. It is the hardened froth or foam, that formed 
on the surface of the seething mass of Trachyte in a state 
of fusion. 

The two most important varieties depending on structure 
are the Globular and the Laminated forms. In the first 
the rock is made up of balls or nodules, often consisting of 
concentric coats like an onion, and made up of fibres radiat- 
ing from the centre. In the second the roci^ has a platy 
structure, so that it may be split into slabs. 


A i. — FeXaUmu, 

The average composition of Felstone is the same as that 
of Trachyte, only the principal Felspar is the common 
Orthoclase instead of the glassy variety of that mineral 
(Sanidine). 



54 


GEOLOOY. 


The glassy form of Folstone is known as Pltchdone or 
Rdinite. This is a compact resinous or half-glassy rock, 
with a strong resemblance to solid pitch, and an imperfectly 
conchoidal fracture. Except that it contains a larger 
percentage of water it agrees closely in composition with 
Eelstone in some cases and Trachyte in others, and there 
can be little doubt that it is the glassy form of a Ft^lsitic or 
Trachytic rock. It therefore corresponds to Obsidian. As 
in the case of Obsidian, microscopic examination shows 
that even the most glass-like forms of the rock are full of 
minute needle-shaped crystals. 

LikeObsidian, Pitchstone becomes occasionally porphyritie 
by the presence in the glassy matrix of crystals or crystal- 
line grains of Felspar, grains of Quartz, and sometimes 
plates of Mica. 

Compact or cr3rpto-CTystaIline Felstone is known as Fel^ 
die rochf Petrodlex^ or Euriie ; it is a hard, compact, flinty- 
iooking rock, homogeneous in texture, with a splintery or 
sometimes imperfectly conchoidal fracture. The most 
compact varieties resemble very closely Flint or IlomsUme, 
and hence the name Petrosilex w^as given to it, undt^r the 
idea that it was comi)osed mainly of Quartz ; it is, liow- 
ever, really an intimate mixture oi Silica and Orthoclase. 

The term Feldte is usually confined to aggregates of 
Quartz and Felspar of so close and compact a texture, that 
no crystals or grains can be detected on a fresh fracture, 
and whose composition can be ascertained oaJy b}’^ micro- 
scopic examination and chemical analysis. This is one 
extreme form of Fcdsite rock; varieties, however, often 
occur which become imperfectly j)or|)byriti(; by the appear- 
iuioe of separate crystals of Quaxtz and Felspar in a 
felsitic matrix. 

By gradations of this sort, and the gradual increase in 
number of the contained oystals, wo pass on to the next 
important variety, Porphyriiie FMom^ the Felsite Porphyry 
of the Germans.* 

The paste of this rock is identical with Felsite rcxjk 
itself, consisting of an intimate, compact mixiui’e of 

* The first of these terms seems a subsidiary accident, and the 
preferable to the second for the accidental character should be 
following reasons. The essential denoted by an adjective. Ibna 
fact about the rock is that it is a we do not call a very tall person 
Felstone, the porphyritie arrange- a Human Giant, but a GiganUo 
ment of its constitimts is merely Maxu 



FELSXONES. 


55 


Oi'thodase, or Orthoclase and Olig^ocdase, ■v^dth Quartz ; 
embedded in the paste are crystals or ciystalline grains of 
Quartz and Orthoclase, and in some varieties of Sanidine, 
Oli^lase, and occasionally Mica. 

When <he matrix is excessively felsitic with a splintery 
fracture, and bard enough to stnke fire with steel and t(j 
be scratched only with difficulty by rock crystal, tbe rock 
is called Porphyritic Hormtone, A variety, whoso matrix 
has a dull and uneven fracture and is more evidently crys- 
talline than the last, is the typical Po^rphyritie FeUtone. 
When the matrix is dull and earthy, the ro{*k is known as 
Porphyritie Claydone : this form is probably the result of 
decomposition. In most Felstone Quartz is so inti- 
mately mixed up with the Felspar as not to be separately 
recognisable by the eye, and w’here it is separated out 
it usually occurs in rounded lumps ; one variety, however, 
contains erystah of Quartz embedded in a felsitic paste. 
This rock is sometimes called by the objectionable name of 
Quartz Porphyry ; perhaps Ehanite might be used to dis- 
tinguish it. 

The majority of the Felstones are comjpaet rochs, but 
occasionally they show a porous and vesicular texture; 
such occur in the Thuringerwald and elsev^here, and 
are worked for millstones, whence their name ^‘millstone- 
porphyry.” It does not seem to be satisfactorily made 
out whether the peculiar texture of these rocks is original, 
or whether it is due to decomposition ; if the first is the 
case, they would take the same place among the Felstones 
that Pumice occupies among the Trachytes. 

Felstones also occur with a globular concretionary 
structure, corresponding in some degree with the similar 
varieties of Trachyte. 

Schistose Felstones, splitting into slabs, are also met 
with, and may be analogous to the laminated form of 
Tiachyte. It is somewhat doubtful in many cases how 
far tms structure is original and how far it is due to a 
rearrangement of the particles of the rock ofjer its forma- 
tion, by which it had a tendency given to it to split into 
slabs. We shall see by-and-by that many rocks have 
had this structure, which is known as cleavage, set up in 
them by being subjected to great pressure. 

Some schistose Felstones are undoubtedly cleaved, but 
in the case of some of the corresponding Trac*hytic forms 
it seems so impossible that they can have been subjected 
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to the pressure necessary to produce cleavage tliat we 
must looK on these platy structures as original.’*^ 


A e, — Ormttes, 

The Granite group indudes two principal varieties, 
Granite proper and Syenitie or Homblendic Granite. 

Granite . — coarse crystalline noixture of Felspar, 
Quartz, and Mica. The Felspar and Quartz are mingled 
into an aggregate, through which the Mica is strewn about 
without any order or arrangt^meni. 

The Felspar is often all Orthoclase, but many Granites 
contain Oligoclase as well; the latter, however, is never 
found alone. In the Granite of the Moume Mountains in 
Ireland, Professor Haughton found Albite ** incrusting 
the interstices of the Orthoclase and Quartz in the cavities 
of the rock,” and the body of the rock itself in small 
quantities.” f 

The Quartz rarely occurs crystallised ; usually as glassy 
lumps, which till up the spaces between the other miuenils, 
and are sometimes seen to have moulded themselves on the 
latter. 

The Mica is more usually the white Potash Mica than 
the dark Magnesian Mica. 

The grain of Granite shows every degree of varif‘ty, 
from close and compact uj» to excessive coarseness. Tlie 
more finely-graimKl varieties occur most phmtifuDy in 
veins or on the edges of large masses ; in such cases we 
frequently find the Granite to become gradually finer and 
finer in grain, and to lose its Mica by degrees, till at 
last it passes first into Elvanite, and then by insensible 
|p*adation into a rock indistinguishuble from compact 
Felstone. 

The large-grained Granites usualfy owe their c^oarseness 
to the presence of large crystak of Urthoclase ; sometimcH 
the latter contrast so strongly in size with the other mate- 
rials as to give the rock a porjihyritic aspect. In the 
variety known as Gra|>hic Granite the Orthoclase and 

• The rock called HailefUnta herenlter to he described as 
and some other schistose felspathic Metamorphio. 
rocks, which are nsuaUy put f Quaxt. Joum. Oeol. ftoc. of 

among the Felstones, seem to be L(mdon, xii. 190 ; Geological 
unquestionably altered rooks, and Magazine, vi. 661. 
must be plac^ among the rocks 
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Quartz are arranged somewlxat in alternate plates^ and the 
latter penetrates the former in sucjh a way that a section 
perpendicular to the lamina shows figures which have 
been compared to Hebrew characters. 

Variation in the proportion of the constituents and the 
presence of accidental minerals give rise to numerous 
varieties of Granites, which petrologists have honoure<l 
with distinct names; all the principal varieties, however, 
pass into one another, and none of them seem entitled to 
the distinction of being considered well-marked rock 
species. 

Syenitic Granite . — If the Mica of Granite is accompanied 
or replacied by Hornblende, the rock, according to th(3 
nomenclature in use in England, is called Syenite. The 
German petrograjdiers^ however, usually call such a rock 
Byenitio or Homblendic Granite, and define Syenite to be 
a crystalline compound of Orthoclase and Hornblende. It 
seems, however, that there are numerous connecting links, 
caused by the gradual disappearance of tlie Quartz and 
Mica, between Homblendic Granite and the Syenite of the 
Germans. 

Chexuioal and Xiaeral identity of Acidic Bocks- — 

The description given of the chief varieties of Trachyte and 
Eelstone point to a strong resemblance in mineral compo- 
sition and in petrological structure between these two 
rocks. The analyses given below confiim this idea, and 
all the imtB lead to the belief that the two are in all 
essential particulars one and the same rock, and that any 
differences that do exist between them are due either to 
the conditions imder which they were formed or to 
changes that have been impressed upon them since their 
formation. Granite again differs from these two rocks 
mainly in two respecte : first, it contains a considerable 
pryportion of Mica, a mineral which is, however, ocea- 
sioually present in both of them ; secondly, in Granite the 
Quartz usually occurs in masses large enough to be easily 
recognised, while in most of the F^stones anjiJ Trachytes 
it is so intimately mixed uj) with the Felspar of the paste 
as not to be detected by mere inspection; some of the 
Quptz Trachytes, however, and the variety of Felstone 
which has been distinguished as Elvanite, approadi Granite 
in the distribution of their Quartz. 

Teadbural Varieties pass into one another. — We 
may say then, that, as far as mineral and chemical compo- 
sition go, aU the members of the Acidic class of Ci^^stal- 
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line rocks are almost identically tke same, the variations 
which they show in these two respects being oonlined 
within very narrow limits ; and it is mainly on the score 
of texture that the sevei*al species ai*6 separated from one 
another and receive different names. And in this respcx't 
it is instructive to note how the different forms can be 
arranged in a series, such as is mven in a tabular form 
below, which shows the most complete and gradual passage 
from one extreme to the other. At one end stand the 
coarsely-grained Gtranites and some of the rougher forms of 
Quartz Trachyte ; a little finer than these are Elvanite, For- 
phjTitic Felstone, and ordinary Quartz Trachyte ; these last, 
as the grain becomes by degrees smaller and smaller, pass 
insensibly into the flinty Felsites and Ehyolitcs ; at last, 
by going still in the same dh'ection, we reach the perfect 
glass of Pitchstone and Obsidian. And this is no mere 
fanciful arrangement, it is the very order in -which rocks 
of this class are often found to occur in nature. Tlie out- 
side of a body of crystalline rock often consists of a w all 
of Pitchstone; further in the mass the rock gi'adually 
merges into Felsite ; and this, as we get well into the heart 
of the mass, becomes more distimitly crystalline till it 
passes into one of the coarsely-grained forms. 

The fact Just stated is so fi^ of meaning that wo have 
thought it well to place it here before the imder, tbougli 
by good rights it belongs to a more advanced stage of 
Geology than Lithology, and we T^dll further anticipate by 
pointing out its meaning. We shall learn by-and-by 
that the ciystallme mass was once thrust in a melted state 
through the rocks which surround it ; the outside portions, 
which touched the cold rocks on either side, cooled fastest 
and assumed a glassy form ; then comes a space where the 
cooling was slower, but yet not slow enough to allow of 
the formation of distinct crystals; in the interior, from 
which the heat escaped very slowly, there was time enough, 
before the mass cooled, to allow of the formation of large 
and ntimerous crystals, and the rock put on a coarsely- 
grained crystalline texture. 

That the above explanation is true in many cases there 
can be little doubt ; in other cases, however, it is possible 
that the molten mass contained, when it was poured out, 
crystals previously formed in it, or derived from the 
adjoining rocks.* 


♦ Scrope, Volcanoes, pp. 116, 117. 
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Table sHOwma the pAt^sAaxi pbom thb Glassy into the Coaksely 
Ceystalline Fohms op the Acidic Koces. 



Uu^rtzofle 

Ti'achytas. 

Felstones. 

Glassy Form 

1 Obsidian, 

Eetinite, 

Compact Form 

I lihyolite. 

EeUite. 

Crystalline Forms 

1 Granular and 
j l^orphyritie 
Trachyte, 

Granular and 
Torphyritic 
Eehtuuc. 

Coarsely Crystalline Forms. | 

Elvanite 

Hornhlendic Granite. 
Gramte. 

1 


B. — Intebmediatk Bocks. 


Of tho endless varieties of rocks that may he placed 
under this head the follo\dng have been selected as the 
commonest and most typical. 

Quartzless Trachytes , — ^These rocks consist of Sanidine, 
with or without Oligoclase, embedded in a rough porous 
t'elspathic paste, usually of a dull white or pale grey 
colour, but occasionally showing, darker tints. The chief 
varieties of the Quartadess Trachytes have been distin- 
guished, according to the nature of their prevailing mineral, 
as Sanidme-Trachyte, Oligoclaso-Trachyto, and Sanidine- 
Oligoclase-Trachyto, 

Andesite is a name given to a Truchytic rock in the 
Andes. The di^scriptions given by ditferoiit petrologists of 
it are vor}^ conflicting, but it seems to bo mainly an Oligo- 
(laso Trachyte, Yidtli a (somposition very closely approaching 
that of tho SanidinG-Oligocuase variety, though it is doubtfiu 
whether Sanidine occurs in it. Zirkel makes four varieties : 
Honiblende-Andosite with Quartz, Quai*tzless Horublendo- 

*■ 


♦ Soe Coitn, Bocks Classified 
and Besciibed (English l^ansla- 
tionh p- 191- Such discrtjpancios 
as those describiri in, the pa<t«ag6 
referred to, between the descrip- 
tions given by authors of un- 
doubted ability and trustworthi- 
ness of the mineral composition 
of the same rock^ are at first not a 


little disheartening. But they 
will not scam so startling, if we 
reflect that no large body of rock 
has anything like a uniform com- 
position, and that the examination 
of hand-spedmens taken from 
fipots some way apart may give 
results widely oiflering horn each 
other. 
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Andesite, Augite-Andesite witli Quartz, and Quartzless 
Augite Andesite. The varieties containing Quartz, how- 
ever, seem to have a lower percentage of that mineral than 
the Quartz Trachytes. 

Dotnite is an earthy, friable rock, found in the district of 
the Puy de Borne in Central Franco, probably an altered 
Oligoclase Trachyte. 

There are two varieties of the Trachjdes which have 
received distinct names on account of their structural pecu- 
liarities, 

Pearktone or Perlite is a concretionary form, in which the 
rock is made up of irregular balls or ^heres, often with a 
concentric and radiated structure. The texture is often 
imj)erfectly glassy, which gives the surface of the spheroids 
a pearly lustre, whence the name. 

Clinkdone or PhmoUte has a scaly or slaty structure, so 
much so at times that it can be split into slabs for roofing. 
It is Bomewliat poorer in Bilica than the generality of the 
Trachytes, but it is geologically connected with Trachyte. 
It will be recollected that forms analogous to those two 
occur among the Quartzose Trachytes and the Felstones. 

Some of the Obsidians and Pumices are the glossy and 
frothy forms of Quartzless Trachytes. 

Minette . — This rock is composed of an abundance of 
Magnesian Mica in a felspatluc paste, whose composition 
resembles very closely that of Orthoclase. Plates of 
Qrthoclase may be occasionally detected, and very rarely 
grains of Quartz. 

The Mica is very plentiful, quite equal in qiiantity to the 
paste usually ; sometimes this mineral is so abrindant that 
the rock seems altogether made up of it. The distinguish- 
ing character of this rock seems to be its large proportion 
of Mica, which distinguishes it from Micaceous Syenite and 
other rocks composed of Orthodase and Mica. , 

Syenite (of the Germans). — ^This rock is defined to be a 
coarsely ciystalline mixture of Orthodase and Hornblende ; 
it contains also a triclinic Felspar (Oligodase according to 
Gt, Eose) very often, Mica frequently, and occasionally 
some Qu^z. 

The only difieronce between Syenite and the Homblendie 
form of Granite seems to be that the former contains very 
much less Quartz than the latter ; in fact, in order to entitle 
a rock to the name of Syenite this mineral ought to occur 
in such fflnall quantity as to be no more than accessory. 
Syenite is an admirable instance of the way in which rocks 
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of the intermediate class form connecting links between 
those of the Acidic and Basic subdivisions. Cases have 
been noticed, on the one hand, where the Quartz gradually 
increeises, and the rock passes into an Homblendic Granite ; 
and, on the other hand, the Orthoclase has been found to 
disappear by degrees, and the rook to shade oif into a 
Diorite. 

Closely allied to Syenite is a rock which has been called 
Symite Porphyry by G. Rose, and Quarhlesa Orthodme Por- 
phyry by Zirkel. Ihe two differ mainly in texture, Syenite 
being crystalline throughout, while Syenite Porphyr}" is, 
as its name implies, more or less porphyritic, and consists 
of crystals of Orthoclase, Oligoclase, Hornblende, and 
Magnesian Mica, embedded in an orthoclastic paste. It 
would probably be safe to look upon this rock as a variety 
of Syenite, and call it Porphyritic Syenite. 

C. — Basic Rocks. 

The rocks of this class may be grouped under the fol- 
lowing heads : — 

C a. — Piorites. 

Oligoclase and Hornblende. 

Compact form, Aphmite, 

Ciystalline form. Common Biorite and PorphyriU, 

C h, — Mdaphyres, 

Oligoclase and Augite.* 

C e, — Basalts. 

Labradorite and Angite. 

Glassy form. Tachylite. 

Compmjt form. Common Bascdi. 

Finely crystalline foim, Anamsite. 

Coarsely crystalline forms. Bokrite, PPypersthem Rocky 
Gahhro. ^ 

Altered (?) form. Biahase. 

C d. — Cor site. 

Anorthite and Augite or Hornblende. 

♦ Under the head of Augitewci Augite, oertain other augiiic 
include hero, beeides oommon minerals, such as BiaUage. 
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C a, — IHoriies, 

The rocks that come under this head are essentially mix- 
tures of Ohgoclaso and Hornblende. The Hornblende may 
be replaced by Mica, generally Magnesian Mica. Quartz 
is sometimes present, but the Quartzless and Quartzose 
forms pass into one another by inscmsible ^adations, so 
that geologically no line of separation can be drawn be- 
tween them. 

The Diorites may be grouped according to their texture 
under three heads : — 

Compact Hiorite or Aj^hanite. 

Granular l >iorite. 

Pori)h3'ritic Hiorite. 

Aphanite is a rock, corresponding to Felsite among the 
Felstones, of so closely grained and even a texture that no 
ciystals can be detected in it by Iho naked tye ; a perfec’t 
passage can be traced from it into ordinary Granular 
Hiorite, and there can be no doubt that it is the compact 
form of that rock.* 

Granular JDiorite is the form to which the term Hiorite 
jilone is usually applied. It is a mixture of crystals of 
Oligoclase and Hornblende, coarse enough to allow of its 
crystalline texture being readily recognised, and fairly 
uniform in grain throughout, tlaually Granular Hiorite 
contains a lai^ger percentage of Hornblende than Felspar, 
and sometimes the former mineral so far predominates as 
to make up almost the whole of the rock. 

Parphyritie I}{orite\ differs from’ the last variety in 
lia%dng, as its name implies, a porjdiyritic texture. Whereas 
in Granular Hiorite no one part of the rock is more dis- 
tinctly crystalline than the other, the present form consists 
of crystals set in a compact paste. The j)aste is probably 
Oligo(ilase, the crystals are of the same mineral with occa- 


* The term Aphanite is not 
nlwaye used in the limited sense 
here assigned to it. It is off on 
made to include all Basic rooks of 
so fine and close a texture, that 
their mineral composition cannot 
he learned by mere inspection. 
In this wider sense many Apha- 
jiites are the compact forms of 
riahbro and other crystalline 
locks — Basalt in fact. 


+ This is the rock called 
TorphyrH$ by Zirkel. The 
name is not desirable, on a(?- 
count of its resemblance to the 
objeciionahle noun Porphyr>' j 
and it has been used by ddlor- 
eiit autliors in diftbrent senses, 
till there seems little boie of 
ever t> ing it down to a definite 
meaning. 
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sionally some of Hornblende, which is in some cases 
replac^ by Mica. The paste is sometimes amygdaloidal. 
The QiiartzleBS forms of this rock are more plentiful than 
the Quart^ose. 

These three forms of Diorite correspond with the analo> 
gous varieties of Felstone thus : — 

Aphaiiite. Felsite. 

Uranular Diorite. Grranu ar Fetfitone. 

Porph^Tritic Diorite. Porphyritic Felsiotie. 

Perfect passages exist from each form into the one next 
to it, and, as in the case of the Pelstones, there is no doubt 
that they are merely varieties of the same rock, which have 
assumed different textures on account of a difference in 
the condition under which they were formed. 

In some rocks, which in other respects correspond with 
Granular Diorite, Orthoclase is sparingly present. These 
form connecting links, when they are Uuartzless, between 
Diorite and Byenite, and, when they contain Quartz, between 
Diorite and Homblendic Granite. 

C h, — Melaphyres, 

Probably no name bas been so ill used by petrographers 
as that of Melaphyr. It has been employed by so many 
different authors in different senses that by itself it has 
long ceased to bear any definite moaning, we may how- 
ever usefully follow Zirkel in limiting it to rocks composed 
of Oligoclase and Augite with some Magnetite. 

The grain of these rocks varies. They are occasionally 
porphyritic, very frequently compact, and glassy varieties 
are said to have been observed. They ai’e also very often 
vesicular or amygdaloidal. As the name implies, the 
coloiir is usually dark. 

• 

C c. — BtisalU, 

The rocks grouped under this head are essentially mix- 
tures of Labradonto and Augite, or some augific mineral ; 
they also contain Titaniferous Magnetite, In some varieties 
the Labradorite is replaced by Nepheline or Leucite. 
Olivine enters very generally into their composition, so 
frequently indeed that by some petxologists it is looked 
uj>on ae an essential constituent. The Basaltic rocks 
may be grouped according to their texture under the 
heads of — 
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Tachjlite, or B^tsaltic Glass. 

CJommon Basalt, the compact form. 

Anamesite, or finely crystalline Basalt. 

Dolerite, or largely ciystoUine Basalt. 

Gabbro, or coarsely crystalline Basalt. 

The most coarsely crystalline members of the Basalt 
group are distinguished as Gahhro. In this rock the Augite 
is most commonly replaced i\’hoIly or in part by the allied 
mineral Diallage, and in this case the rock is often called 
l>iaUage rock, Gabhro is as a rule a very coarsely-grained 
I'oek, closely resembling Granite in texture, and it holds 
among the Basic rocks a place corresponding to that oceu- 
2)ied by Granite in the Acidic class. 

A Basalitic rock, whose grain is not so coarse as in 
Gabbro, but coarse enough to allow the constituent 
crystals to be readily recognised by the naked eye, is 
called JDol&riU. Sometimes Hypersthene takes tbe place 
of Augite, and the ix)ck is then known as Hypersthene 
rock. If the Labradorite is roj)laced by Leucite we got 
LcuciU rock. 

In many Doleiites Carbonate of Lime and Iron are 
present, intimately mixed up with the body of the rock, 
when in addition to these minerals Chlorite is also 
present, the rock is known as Dinhase. There is every 
reason to believe that these Carbonates and the Chlorite 
were not present originally in the rock, but have been 
produced after its formation by the alteration of some of 
its mineral constituents. Hence Diabase is probably only 
an altered form of Dolerite, 

If we suppose the grain of Dolerite to be so for reduced, 
that we can perceive in a general way that the rock is 
crystalline without being able clearly to distinguish its 
constituent minerals, we get the variety called Anmrmite. 

The rock generally known as Basalt is a still more finely 
grained form. This is a dark-coloured, apparently homo- 
geneous K>ok, with a dull conchoidal fracture. So compact 
is it that it was for a long time looked upon as a simple 
mineral, but chemical anaSysis and microscopic examina- 
tion prove it to have the same composition as Dolerite. 

Even the close Anamesites and Basalts become occasion- 
ally porphyritic by the appearance in them of plains or 
crystals of Olivine, Labradorite, Augite, and Magnetite. 
The first mineral is said to occua* more commonly in Basalfc 
than in the other varieties of the Basaltic famUy. 
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Tachylite, or Basaltic Glass. 

Oonmion Basalt, the compact form. 

AnameBite, or finely ciystalline Basalt. 

Dolerite, or largely crystalline Basalt. 

Gabbro, or coarsely crystalline Basalt. 

The most coarsely crystalline members of the Basalt 
group are distinguislied as Gahhro, In this rock the Augite 
is most commonly replaced wholly or in part by allied 
niineral Diallage, and in this ease the rock is often called 
JHallage rock. Gabbro is as a rule a veiy coarsely-grained 
lock, closely resembling Granite in texture, and it holds 
among the Basic rocks a place corresponding to that occu- 
pied by Granite in the Acidic class. 

A Basalitic rock, whose grain is not so coarse as in 
Gabbro, but coarse enough to allow the constituent 
crystals to be readily recognised by the naked eye, is 
called Dolerite. Sometimes Ilypersthene takes the place 
of Augite, and the rock is then known as Hypersthetie 
rock. If the Labradorite is replaced by Leucite we get 
Laicite rock. 

In many Dolorites Carbonate of lame and Iron are 
present, intimately mixed up with the body of the rock. 
\Vhen in addition to these minerals Chlorite is also 
present, the rock is known as Dialase. There is every 
reason to believe that these Carbonates and the Chlorite 
were not present originally in the rock, but have been 
produced after its formation by the alteration of some of 
its mineral constituents. Hence Diabase is probably only 
an altered form of Dolerite. 

If we suppose the grain of Dolerite to be so far reduced, 
that we can perceive in a general way that the rock is 
crystalline without being able clearly to distinguish its 
constituent minerals, we get the variety called AnamcHte. 

The rock generally known as Bamlt is a still more finely 
grained form. This is a dark-coloured, apparently homo- 
geneous rock, with a dull conchoidal fracture. So compact 
is it that it was for a long time looked upon as a simple 
mineral, but chemical analysis and microscopic examina- 
tion prove it to have the same composition as Dolerite. 

Even the close Anamosites and Basalts become occasion- 
ally porphyritjc by the appearanc^e in them of trains or 
ciy^stals ox Olivine, Labradorite, Augite, and Magnetite. 
The first mineral is said to occui' more commonly in BasuU 
than in the other varieties of the Basaltic family. 
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SECTION VI.— NON-CETSTALLINE EOCKS. 

We will now pass to the second great division in our 
lithological classification, namely the Non-crystalline 
Rocks. 

Texture. — ^Under the head of texture we may notice 
that the binding cement in these rocks may be soft or 
small in quantity, in which case the rock is crumhhf and 
friable; or it may be hard and plentiful, when the rock 
will be frm and solid. 

According to the size of their particles these rocks may 
be subdi\ided into Coarsely-grained^ Finely-grained^ and 
Closely-grained or CompaoL 

In some coaraely-ginined rocks lumps, sensibly larger 
than the majority of the particles, are scattered through the 
body of the rock. Sudi are called Conglomerates or Pudding- 
stones^ when the larger portions are rounded; and Breccias^ 
when they are angular. 

Subdivisions of the Non-crystalline itooks. — The 

composition of the Non-crj'^stalline rocks is far loss complex 
than that of the Crj'stalline rocks, and their classification 
hence becomes an easier matter. The great mass of thorn 
are made up of one or more of the four minerals, Quuitz, 
Clay, Carbonate of lime, or Carbon, and they fall naturally 
into four groups, according as their prevailing ingi^ediont 
is the first, second, third, or fourth of these, and their 
classification will be as follows : — 

Ut Class. — Arenaoeom or Sandy JlocJcs. Composed mainly 
of rounded or broken grains of Quartz. The cement may 
be either siliceous, argillaceous, calcareous, or a mixture 
of any of these three substances. 

2nd Class. — Argillaceous or Clayey Pocks. Pure Clay, 
which is the main constituent of rocks of this Clay, is a 
hydrated bisilicate of Alumina. Besides Olay tlie majority 
of the Argillaceous rocks contain mixtures of 8and, C^ar- 
bonate of Lime, and other minerals. 

Ircf Class. — Calcareous Pocks or Limesioncs. Composed 
of Carbonate of Lime, with admixtures of Sand, Olay, and 
other matters. 

4/A Class. — Carbonaceous Pocks. Composed of Carbon, 
Hydrogen, Oxygen, and Nitrogen, with earthy admix- 
tures. 

.\b in the ease of the Crystalline mks no hard linos can 
be drawn betw een these classes, sinc^e all sorts of inter- 
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mediate forms occur. Thus for instance there are many 
rocks containing both Sand and Carbonate of Lime, which 
might be placed indiflPerently in the 1st class as Calcareous 
Sandstones, or in the 3rd as Sandy Limestones ; but in a 
very large number of the Non-crystalline rocks, either 
Sand, Clay, or Carbonate of Lime is present in so much 
larger quantity than any other ingredient, that we are 
justified in establishing the subdivisions just given, and 
able without any difficulty to decide in wnich of them a 
given rock ought to be placed. 

We may now notice some of the principal varieties of 
each class of the Non-cr^'stalline rocks. 

1. — AbEKACEOI^S OB SAJfUY BoCKS. 

A mass of more or less rounded grains of Quartz, not 
bound together by any cement, constitutes Sand. 

Rock Sand is a term applied to masses of Sand which 
hold together sufficiently to stand up in natural ro<.*ks, 
b\it are not firm enough to jdeld stone for building pur- 
poses. 

When the Quartz grains are firmly Iwund together in 
any way, we get a strong rock and call it Sandstone. The 
tenn is geneirally restricted to those rot^ks in which there 
is not much difference in size among the grains. In 
most (iases the solidity of the rock is due to a cement, 
whidi fills up the interstices between the grains and binds 
them together. If this cement be Carbonate of lAme, the 
rock is called a Calcareous Sandstone ; if Quartzose, a Sili- 
ceous Sandstone. Very siliceous Sandstones with an even 
close grain are called Cank, Cankstom^ or Galltard. Many 
Sandstones also contain Clay : such are called Argillaoefm 
Sandstones. Sandstones containing recognisable bit« of 
Felspar are called Fehpaihic Sandstones. Sandstones con- 
taining a large quantity of Peroxide of Iron are distin- 
guished as Ferruginous or Rusty; they are red, brown, or 
yellow in colour (see y. 1 8). 

If some of the particles of a sandy rock are Itrc^r than 
others, so that a freshly broken surface has a rough, gritty 
feel, llie rock is called a Grit or Gritstone. The term 
however is not generally applied to friahU sandy ro(;k*«. 
however coarse mey may be, but is restricted to those 
which are hard and /m. 

When a sandy rock contains pebbles of Quartz or 
Quartzose rock embedded in a finer ground-mass of Sand, 
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it forms a Siliceous or Quartern Conglomere^e, The adjective 
is very' generally dropped and the rock styled simply a 
Conglomerate, b^tise me pebbles of a great majority of 
Conglomerates are Quartz ; the reasons for this being, &st, 
that Quartz is a substance very plentiful in the rocks of 
the earth^s crust, and secondly, that on account of its great 
hardness it is able to survive in pebbles of considerable 
size wear and tear that grinds softer substances to powder. 
The rounded lumps in Conglomerates are of all sizes from 
small pebbles up to blocks some feet in diameter. In 
some cases the pebbles of a Quartzose Conglomerate are 
cemented together by substances other than Quartz, such 
as Carbonate of Lime or Oxide of Iron. 

Some other Quartzose rocks will be noticed under tho 
liead of Metamorphic Bocks. 

The grains of a rock that is decidedly sandy will scratch 
glass, and this test, which however it is seldom necessary 
to apply, may be used when there is any doubt about the 
composition of the rock. "\J\Tien the Quartzose element is 
disguised by the mesence of a large mixture of a softer 
substance such as Ulay, the rock may be pounded, and the 
powder drawn with pressure between the finger and a 
plate of glass ; any Quartz grains that may be present will 
then make scratches. 

2. — ^Aegillaceotjs oe Clayey Bocks. 

Clay, the main ingredient of these rocks, is a mineral we 
have not yet had occasion to notice. It has been obtained 
in the first instance by the decomposition of a Potash or 
Soda Felspar, and perhaps can scarcely be properly df‘- 
scribed as a mineral, but should rather be called a product 
of decomposition. In ordinary parlance any substance that 
can be worked up with water, so as to become plastic or 
capable of being moulded, is styled Clay ; and in this wide 
sense Clays, as might be expected, show considerable 
difierenees in composition. But if we separate from any 
clayey substance the mechanicjally mixed impurities, tin* 
residue will be a hydrated silicate of Alumina; and it is to 
the fact that Clay contains water in a state of chemical 
combination that its plasticity is due. Chemists are by no 
means agreed about the composition of pur© Clays, and it 
is likely that there are several varieties differing from one 
aTiother in the proportion of silica and the amount of water 
they oontaiii. Many Clays however approximate very 
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closely to a Hydrated Bisilicate of Alumina, with the 
formula — 


2Si08,Al208+2Hg0. 


or Silica 46*6 

Alumina . • • . 39*5 

Water 13*9 

Tho nearest approach to pure Clay is Kaolin or China 
Cla/y. The natural deposits contain grains of Sand, 
plates of Mica, and other impurities; and when these 
are washed out there remains a pure white plastic 
Clay, used for making porcelain and the finer kinds of 
pottery. 

Pipe Clay is a similar white pure Clay, which shrinks too 
much from heat to be available for pottery purposes. It 
is important that both Clxina Clay and Pipe Clay should 
be free from Iron, which acts as a flux and causes the Clay 
to melt instead of baking in the furnaces. 

Pot ClayB are less pure than China Clay, and tho ware 
made from them is coloured and coarser : all that is 
required of them, is that they should form with water a 
plastic mass, and be capable of baking. 

Still coarser days serve for Brick Clay% t the finer varie- 
ties, consisting of a very finely divided and intimate mixture 
of day and Sand, are called Brick Earth. Brick days 
should not contain too much Iron, but a moderate quantity 
of the Protoxide is said to give strength and hardness to 
bricks. 

Fire Clays are varieties which will stand intense heat 
without melting. They must bo free from alkalies, alka- 
line earths, and iron, which act as fluxes. Fire Clays 
always contain a much larger percentage of Silica than is 
necessary to form a Bisilicate ; part of tins certainly in some 
eases exists as a mechanical mixture, partly aa insoluble 
and partly as colloidal Silica. The day foi; instance 
whose andysis is given below contains Silica in Wh these 
states, while the residue is very nearly a Hydrated Bisili- 
cate; — ♦ 

Silica as Sand 56*95 

Silica soluble in hot solution of Carbonate of Soda 1*39 


• See Orookes and Hohrig, Metallurgy, i. 214, for farther 
Metallurgy, iii. p. 5^0, and Percy, details of Fire Clay. 
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Eesidiie after the above SiKca is removed — 


Silica .... 

. 45*30 

Alumina 

. 3408 

Iron, Sesqnioxide 

. 3*27 

Xiime .... 

. 0*87 

Magnesia • 

. 1*14 

Potash 

. 3*05 

Water 

. 12*29 


The foUorwing analyses will show the average coinposi' 
tion of different kinds of Clay : — * 



(1) 

(2) 

(3) 

(4) 

(«) 

Silica 

49*44 

46*38 

66*68 

46*32 

66*10 

Alumina 

34*26 

38*04 

26*08 

89-74 

22*22 

Iron Oxide 

7*74 

1*64 

1*26 

0-27 

1*92 

lime 

j 

1-48 

i . . . . 

1*20 

0*84 

0*36 

0*14 

i Magnesia 

^ 1-94 

I 

trace 

trace 

0*44 

0*18 

j Water 

6*14 

I' 1 

13*67 

\ 

6-14 

1 

12-67 

9*86 


Common Pottery Olay, will not stazul heat. 

(2) Best Pottenr Cla^, burning white. 
t8) Coarse sanay China Clay. 

US Best Kaolin. 

(6) Fire Clay, Stourbridge. 

Loam is a mixture of Clay and Sand, the latter being 
present in sufficient quantity to allow of water percolating 
through the mass and to prevent its binding together. 
Clayey rocks which split into layers or beds are called 
Shah; Bind, Bkte^hh^, FlatOy Shiver are other names 
applied by miners to the same rock. Shales containing 

♦ See also Catalogue of Speoi- Museum of Practical Oeology, 
meuM of the Clays and Plastic Iiondoa. G. W, Maw. 

Strata of Great Britain in the 
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a sufficient quantity of Iron Pyrites are used for the 
manufacture of AJum, and are called Alum Shales AVlieii 
there is a good deal of Sand present, the rock is called 
Arenaceous or Sandy Shale, or Stone Bind, or Itoch Bind. 
These forms pass gradually into Argillaceous Sandstones 
and common Sandstone. Shales stained dark by vegetable 
matter are called Carhonaeeous Shale, Bass, or BatL When 
such Shales contain a sufficient quantity of bituminous 
matter to be used for the manufacture of Paraffin they are 
called Oil Shales. Such Shales pass gradually into Oannel 
Coal occasionally. The streak of Oil Shales is usually brown. 

Mudstone is a convenient name for clayey roiks that have 
the appearance of partially hardened masses of sandy mud. 

Marl is Clay containing Carbonate of Lime ; if the rock 
splits into plates, it is called Marl Slate. 

Other clayey rocks will be noticed under the head of 
Metamorphic Kocks. 

When Olay is present to any extent in rocks, they give 
out an eart% smell when breathed upon. Even the 
hardest clayey rocks can be worked down by pounding or 
grinding them with water into a more or less doughy and 
plastic mass. 

3. — Calc^iheous Pocks on Limestones. 

Most varieties of tiiis class depend on the extent to w hick 
the Carbonate of Lime is mixed with clayey, sandy, and 
other impurities. 

Chalk is a wffiite Limestone, usually soft, containing 
sometimes as much as 94 to .98 per cent, of Carbonate of 
Lime. The more clayey varieties go by the name of Chalk 
Marl. 

Some other Limestones are as pure as Chalk; thus 
some specimens of the Mountain Limestone contain only 
4 per cent, of impurities. But in the majority of Lime- 
stones foreign matters are present to a large extent. 
When there is a considerable percentage of Clav, the rock 
is called an Argillaceous Limestone. The Lime obtained by 
burning some Argillaceous Limestone forms a mortar that 
sets under water : such are called Hydraulic Limestones.^ 

limestones containing a large siliceous element are called 
Siliceous Limestoms. Wh^en the calcareous part of such 

^ Rnacoe, Elemexitsry Lessons Technology, and Watts's Pic- 
in Chemistry, p. 208. lionaiy ot Chemistry, Art. “ Si- 

t See Wagner's Chemical Ucates of Calcium." 
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Tockfi has been dissolved out by the aetion of water, a sort 
of siliceous skeleton is left called JRottemtom. Passages 
sonietinies occur from Calcareous Sandstones into Ijinnv 
stone, and the intermediate forms are called locally Coni-^ 
jitmes. Some Comstones contain so much more Carbonate 
of Lime than Sand that they are burnt for lime in dis* 
tricts where purer Limestones are not easily obtained. 

Limestones stained a dark colour by decomposed vege- 
table or animal matter are called Carbonaceous or Bitiminom 
Limesiom ; such rocks often give off a fetid smell when 
struck by the hammer, and are tlien spoken of as Fetid 
Limestone or Stinkstone. 

limestones oc‘casionally put on a conglomeratic or brec- 
ciated form, and contain pebbles or angular fragments of 
Quartz or other rocks. 

A limestone hard and close grained enough to take a 
{M>li8h is called Marble. Some of the so-called Marbles of 
<‘ommerce however are not Calcareous rocks at all. 

Magnesian Limestones . — These rocks, which are mainly 
made up of Carbonate of Lime and Carbonate of Magnesia, 
are called Magnesian Limestones or Dolomites. Usually 
no distinction is drawn between these two terms ; tliey ar<^ 
used, sometimes one and sometimes the other, as if they 
were only two different names for the same rock. Possibly, 
bow'ever, at least three distinguishable varieties of mag- 
nesio-calcareous ro<ks exist, and it may be convenient to 
restrict one of tliese terms to one form and the other to 
another, 

AVliether the carbonates exist in the rocks we are con- 
sidering in a state of merkanical mixture, or of chemical 
<‘onibination, is not certainly knowm. Both Forchhommer’*^ 
and Karsten found that certain Magnesian Limestones could 
be separated into two parts. One, which was soluble in 
<old acetic acid, had the following comjiosition : — 

Carbonate of Lime . , 97*13 

Carbonate of Magnesia . 2*87 

When this portion had been dissolved out, there remained 
an insoluble granular residue having the composition — 

Carbonate of Lime . . 53*38 

Carbonate of Magnesia . 41*42t 

♦ Bischol^ Chemical Geology, the conclusion arrived at is very 
ii* 49. approximativdy, but not ex- 

t Sterry Hunt has xweated actly, correct.— -Silltinan’s Jounu 
these experiments, and finds that 2nd ser, xxviii. 180. 
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The facts that the latter portion has nearly the theo- 
retical composition of a double Carbonate of Lime and Mag- 
nesia, and that it is insoluble in cold acetic acid, led to the 
belief that it was a chemical compound. But insensibility 
to the action of acetic acid is a fact whose value has been 
somewhat diminished since the time when the experiments 
were made, for it has been lately shown, that the behavioui 
of this acdd towards carbonates varies very considerably 
with the circumstances under which it comes in contad 
with them.^ 

We cannot say positively, therefore, whether the insoluble 
residue of the limestones oi)orated on is a chemical com- 
]K)und or a mechanical mixture of the two carbonates. Tlie 
insoluble portion has. however, the same composition as 
one of the forms of Bitter Spar, and, like it, is not acted on 
by cold acetic acid : it may, therefore, bo looked upon as 
probably Bitter Spar ; and, in speaking of it thus, we do 
not pronounce any oj)inion as to whether it is a chemical 
ttompound or not, for this is a point r('specting Bitter Spar 
which is equally oj>en to question. There is, then^ proba- 
bly, one form of magnesio-ctilcareous rock consisting of 
Bitter Spar and Carbonate of Lime. Other rocks of the 
same family contain, perliaps, no soluble y)ortion, and con- 
sist essentially of Bitter Spar; and there may be oth(‘rs 
wholly soliibh^, consisting of (\rbonate of Tiime and Carbo- 
nate of Magnesia. If this be so, the following nomencla- 
ture may be usefully employed : — 

Dolomite, a rock (consisting eseontially of Bitter Spar. 

Dolomitic Linmione, a rock which is essentially a mixture 
of Bitter Spar and Carbonate of Lime, or of Bitter 
Spar and Carbonate of Magnesia. 

Magnemm Limcfttone, a rock which is essentially a mixture 
of Carbonate of Lime and Oarbonatt" of Magnesia. 

In nature all these rocks contain frequently large quan- 
tities of sandy and clayey impurities, which give rise to 
sandy or marly varieties. 

There are other calcareous rocks which have been 
produced by the alteration of some of the above forms. 
These will be described in the chapter on Metamorphism. 

While we are deEiiing with compounds of Lime we 
may mention that (lypsum frequently occurs in sufficient 
quantity to form rocjk masses. 

I am indebted to my fiiend, Dr. Thorpe, for calling my at^ntion 
to thia 
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Besides this resemblance in chemical composition to 
woody fibre, microscopic examination frequently shows in 
Coal portions still retaining the characteristic texture of 
plants and other traces of vegetable remains. 

On such general grounds the vegetable origin of Coal 
has been for a long time universally admitted, and this 
view has been of late years materially strengthened and 
rendered more definite by tlie discovery of the fact that 
some Coals are made up almost entirely of the spores and 
spore^cases of plants closely allied to the modem Club- 
mosses. In the crypto^mic or fiowerloss plants midtipli- 
cation is effected by bodies called Spares, which correspond, 
as far as tlieir ultimate products are concerned, to the 
seeds of flowering plants. In some cases it is known that 
there are two kinds of spores, mkraspores or little spores, 
and macrospores or large spores, the first producing the 
fertilising matter, and the second developing ovules or 
germs. In the common Club-moss one kind of spores only 
has been observed, and its mode of reproduction is not 
understood. The spores are contained in bags called 
Sporangia or Spore-cases. In some Cluh-mosses and Horse- 
tails the sporangia are placed within cones or spikes, 
consisting of scales or leaves overlapping each other, and 
the sporangia are lodged in the spacers between the scales. 
Now among the commonest of the fossils found in the 
strata among which Coal occurs is one that goes by the 
name of Lepicketrohus, In external appearance it resembles 
strongly the spikes of the modem Club-moss. Dr. Hooker* 
obtained specimens of these cones with the internal struc- 
ture j)reserved, and showed that they consisted of scales 
supporting sporangia, which contained spores marked with 
a triradiate ridge on their under side. In the arrangement 
of the scales, the attachment of the sporangia, and the shape 
and markings of tlie spores, these cones correspond with 
those of the Club-moss. Dr. Eobert Brownf afterwards 
described a fossil cone called by him TriphsparxUs, which 
agrees with a modem lycopodiaceous plant, Selaginella, in 
containing both large and small spores, the microspores 
being found in both genera on the middle and upper scales 
of the cone, and the macrospores on those of the lower por- 
tion. Mr. CorruthersJ has since examined another fossil 

^ Hemnirs of the Geologfical f Transactions Linnean . 8o» 
Survey of England and Wales, dety, xx. 469 (1851). 
voi. iL part 2, p. 440 (1848). { 0eol«Mag«iL431 ; vi. 151,289. 
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cone, which he has named Flmingites, the sporangia of which 
show a triradiate marking on their underside, and agree 
with those of Lepidostrobus in containing only microspores. 

Now, as far back as 1840, Professor Morris figured some 
smEill bodies found in the coal of Coalbrook Dale, of the 
nature of which he was at that time unaware.^ These 
bodies agree so exactly in shape, size, and the triradiate 
marking with the spores or spore-cases detected by Hooker, 
Brown, and Carruthers in the cones just described, that 
there can be no doubt that they have been shed from one 
or other of them, and the coal in question is certainly made 
up in part at least of the spores of a lycopodiaceous 
plant. Similar bodies have been observed byDrofessors 
Balfour and Huxley, Mr. Biimey, and others, in other 
beds of Coal, and in some cases, the Better Bed of Brad- 
ford for instance, the seam is almost entirely made up of 
them. The plant to which Lepidodrohm belonged is ex- 
tremely common in the beds associated with Coal ; it is 
called Lepidodenid/ron^ and specimens of it with the cones 
attached to the branches are by no means uncommon. 
W e can now, then, go further than tlie general statement 
that Coal is of vegetable origin ; we know that among tlie 
l)lants which contributed to its formation one of the com- 
monest was a close ally of our present Club-moss, and that, 
in some cases at least, it was the spores of that plant that 
furnished nearly all the material of the fossil fuel. It is 
w^orthy of note that the spores of the Club-moss are so 
highly inflammable that they are eminently suited to give 
rise to a combustible substance like Coal. 

There is one otlier little point to which we may call 
uttcntion, because it show s that a mass of the spores of Lyco- 
podium is in other rejects well fitted to give rise to a sub- 
stance like Coal. Dr. t, Stenhouse remarks, f that, while the 
ar'ouut of Nitrogen in Coal, and consequently the quantity 
of Ammonia ^’hi(k it yields when subjected to destructive 
distillation, is verj-' large, the stems and trunks of trees, 
when they undergo the same process, yield scarcely any 
amount of nitrogenous matters. These parts of i>lant8 
therefore do not seem the right material to give rise to 
<^oal. Both Lycopodium-spores, however, and Peat 
^fielded large quantities of Ammonia when destructively 

♦ In Prof. Prestwick’s Paper 2nd series, voL v, plate xxxviii 
on the Geolo^ of Coalbrook figs. 8 — 11. 

Bale, Transactions Qeol. Soo,, f Phil. Transactions, 1850, pp. 

54, 55, 59. 
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distilled, and they are therefore a much more likely source 
to look to. Peat, however, and apparently Lycopodium- 
spores, did not yield Aniline, Quiniline, Picoline, and other 
bases so abundantly furnished by Coal, but a distinct group 
of bases in their place; hence it is probable that the 
plants which furnished the material of Coal, though they 
were closely allied, were not identical with the modem 
Club-moss and the plants out of which our Peat is formed, 
for it is a well-known fact that the bases jdelded by the 
destnictive distillation of plants are different in different 
plants. 

The amoimt of spores necessary to form a seam of Coal 
is so enormous, that some little hesitation may be felt at 
first in accepting the view that some Coals are made up 
of little else but these minute bodies. Large accnimula- 
tions, however, of vegetable matter of a similar (haractor 
have been observed in recent times. Dr. John Davy de- 
scribes a shower of a ^‘snlphurous substance” in Inver- 
ness-shire in The ** sulphurous substance” was 

found to be the pollen of the Fir (Pinus Hyhmiria ) ; it lay in 
some places to a depth of half an inch, and was noticed at 
points thirty-three miles apart. Sir John Kichardson in- 
formed Dr. Davy that the surface of the great lakes in 
Canada is not unfrequently covered with a scum of the 
same pollen. Similar occurrences have been obsoiwod in 
the forests of Norway and Lithuania. 

In connection with this subjec^t the reader may furtlier 
consult the papers mentioned in the foot-note below, f 
WewiU in a subsequent chapter explain how the materials 
of Coal were collected together and brought into theii* pre- 
sent shape. 

The chief varieties of Coal are as follows : — 

Lignite or Brown Coal sometimes consists of a matted 

♦ rroceedings R<»yiil Society lo^^y, 2nd e<l,, pp. 1.^8, 461, 493. 
Edinburgh, VO iv. p. 167 (1869). Quekett, Quart. Journ. Hicro- 
1 am indebted to mj friend Mr. scopicnl Ko. C, p. 43 ; Trnna- 
E. C. Miall for calling my ntt ii- acdonn Micio»<;f»p»ral Boc,, ii. 34. 
lion to tbifl and the pa|)cr last Bennett, TiansactioiiB Royal Boc. 
quoted, and for other valuable of Kdinburgh, xxi, pt. i. p. 173. 
a«eialanee in connection with the Bulfoor, diitfv, p. 187- Huxlt-y, 
subject in hand. Critiquis attd Addrijasefi, p. 92, 

t iJawfion, Quart, Joum. Geol. Willi im^on, Blacmilian’e Slugo- 
Smc., ii. 132, X, 1, XV. 477, 626, sjine, xxix. 404. Binney, Mun- 
xxii. 96 ; Annals of Nat. History, Chester Lit. and Phil. Soc.. Match 
1871, p. 321 ; Silliman's Jour- 1874. Bischoff, Chem. Geology, 
nal, Ap., 1871 ; Aesdiaa Geo- i. 26B. 
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tnass of fitems and branches of plants, still retaining their 
woody fibre and only partially mineralised. They have a 
low heating power, usually m^e a good deal of ash, and 
sometimes give off an offensive odour when burning. 

The best Cannel Coal is compact and has a shining lustre, 
with a conchoidal fracture, and does not soil the fingers. 
It is of great value for gas-making, and owing to the large 
})roportion of gas which it yields it will bum with a clear 
fiame like a candle, whence its name. There are however 
all sorts of inferior varieties, and from the most imjjnre of 
these a gradual passage often takes place into very carbon- 
aceous block Shale. These imperfect Cannels are called 
in some parts of England Stone Coal, a term apjjlied in 
other j)artB to Anthracite. 

The ordinary Coals used for household purposes vary 
much in character. Some varieties, known as Caking Coal, 
fuse into a pasty mass as they bum, and require frequent 
]ioking to keep them alight. Others bum without caking. 
The amount of ash too is very variable ; some Coals choke 
up the fireplace, others, like the KUbum Coal of Derby- 
shire, may be burnt the day through and not leave a tea- 
spoonful of ash. A very beautifrd variety, known as 
Cherry Cod in Scotland and Branch Coal in Yorkshire, has 
a shiny resinous lustre, lights readily, bums cheerfully, and 
leaves little ash. 

The above-named and other similar varieties of Coal are 
usually classed together as Bituminous : ” the term is not 
chemically w)rroct, for though the Coals contain the con- 
stituents of Bitumen, they do not contain Bitumen itself. 
On the other hand, Anthracite, which is nearly pure Carbon, 
is described as Non-bituminous. The Coals called Sjdint, 
Hard, or Steam Coal are intermediate in comj)08ition and 
properties between “ Bituminous’^ Coals and Anthracite. 
They are more ditficult to light, but have a gi'eater heat- 
ing power than “Bituminous” Coal. They are of groat 
voiiie for locomotives and marine engines. Some, like 
the BariiHley Steam Coal, consist of thin semi-anthracitic 
lay era alternating with others of a more “Bituminous” 
chanu^er. 

Anthracite is heavier, harder, and has a more thoroughly 
mineralised look than “Bituminous” Coal, qualities 'well 
expressed by its popular name, Stone Coal It rarely soils 
the fingers, has very frequently a sharp conchoidal fracture, 
and a brilliant lustre. Other varieties are dull, or break 
into small cubical lumps. It is diificult to light, but, when 
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ignitt^d, gives out iut^^nse heat^ and bums without flame 
and with little smoke.’*^ 

Graphite^ Plumhago^ or Block JLead occurs as an accessory 
constituent of Granite, Gneiss, and other rocks, in veins or 
pockets, and occasionally in a state of approximate purity 
in beds. It consists of Carbon with about five per cent, of 
impurities, such as Silica, Alumina, and Oxide of Iron. There 
is good reason in many cases to believe that it is only an 
extreme form of Anthracite, that is, it is a Goal from which 
the gaseous elements have been completely withdrawn. 

The student who wishes to learn how to recognise rocjks 
and minerals will find it necessary to study and handle 
ac?tual specimens. With practice he will gradually become 
able, by means of the descriptions and tests given in the 
preceding pages, to name correctly a large number of the 
commoner species, specially in those eavses where the grain 
of the roik is large enough to enable the constituent mine- 
rals to be picked out separately. But in some instances, 
such as very compact f ?rystaUme rocks, the composition 
can be ascertain^ only by examining thin transparent 
slices under the microscope. This is a branch of Lithology 
heyond the scope of an elementary treatise ; those who 
wish to pursue it may refer to The Microscope in 
Geology,’’ Gmlogicol Magazine,, iv. 511. Presidential Ad- 
dress, ^^Transactions of the Geological Society of Ire- 
land,” ii. 98. Sorby, On the Microscopical Structure of 
Crystals,” Quart, Jour, Geol, Soc., xiv. 458. Zirkel, Die 
mikroskoj^ische Beschaffenheit der Mincralien uiid Gcs- 
teine.” Rosenbu8(ih, MikroHkopische Physiographie der 
petrographisch wichtigen Mineralien.” 

SECTION VII.— rETEOLOGY. 

We have now learned the main facts that can be ascer- 
tained about the principal rocks of the earth’s crust by an 
indoor examination of hand specimens. We have next to 
inquire what additional infoimation we shall gain when we 
study rocks on a large scale in the field. 

Outdoor work will reveal to us many peculiarities of 
structure too large to he shown hy hand specimens. But 
instead of giving a bare list of these here, it will be more 
convenient to defer the de^rijrtion of most of them till wo 

* For IuIIot details of the dif- iii 413 — 470: Percy, Metallurgy, 
ierent VMrietiet of Coal, see i., chap, on Fuel. 

Crookes and Ebhiig, Mctallm-gy 
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come to inquire about the agents and the methods by 
which they were produced. Two points however it will 
be desirable to notice at once. 

Strati^oatioa or BeddAng. — A very large number of 
rocks, when they are exposed on the face of a quarry, on 
a river bank, or on. a sea cliff, are seen to be outtup by a 
number of parallel planes of division into layers, which 
separate more or less readily from one another, so that the 
rock consists of a number of flat tabular masses, each 
keeping pretty much the same thickness, laid one on the 
top of the other. 

Such a structure is called Stratification or Bedding from 
the Latin word stratum a bed, the rock is said to be strati- 
fiedy and the layers are called Beds or Strata, 

Fig. 6, which is a sketch of an actual quarry, is an in- 
stance of a group of stratified beds. 

Beginning at the top the beds are as follows ; — 

litholf^cal Character of Bed 

1. Beddish sand 16 

2. White marly Hinestone, upper part fissile or 

splitting into thin layers, lower part lumpy 


or rubbly . . . . • . . 3)6 

3. Brown clay splitting into thin layers ..19 

4. Soft sand 1 0 

6, Hard, white, marly limestone .... 2 0 

6. Brown clay splitting into thin layers ..16 

7. White marly limestone ....*20 

8. Soft brown sand 1 9 

9. Hard cream-coloured limestone 9 

10. Soft brown sand , . 8 0 

11. Solid grey blocky limestone 6 0 

12. Sandy clay ... 60 

13. Stiff blue clay ... 40 


Balation between Stratification and Cryetalline 
or ZSTon-cryetalline Texture. — ^In a very large majority 
of cases we shall find, that, if a rock is straii^dt it is also 
JN’on-m'ystalline, 

And we shall also find that a very large ntimher of the 
Crystalline rocks have no bedded siructurCy or are unstrati^d. 

There will be exceptions to these generalisations. We 
shall meet with rocks which are bedded and ciystalline as 
’svell ; but when we come to inquire how these rocks were 
formed, we shall find that, in most cases, either they were 
originally non-crystalline, and have been subsequently 
altered so aB to acquire a crystalline texture, or that their 
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bedding was obtained in a different way from that of the 
non-crystalKne stratified rocks. These and a few other 
exceptions will be better understood when the reader has 
gone through the chapters on the formation of rocks. 

Tossalifairoiui and Unfosslliferoiui Bocks. — Again, 
in many rocks we shall find what are undoubtedly the 
remains of animals and vegetables, shells of molluscs, 
(iorals, bones and teeth of fish, reptiles, and other creatures, 
leaves, stems, and fruits of trees and plajits. Sometimes 
these are scarcely altered at all from their original <jon- 
dition ; sometimes the substances of which they originally 
consisted have been replaced by various minerals, the 
change having occasionally been produced so gradually 
that not only me external form but all the minute details 
of intemal structure are preserved ; hometmies only an 
impression or cast remains. 

All such remains are called FosaiU, rocks containing 
them are spoken of as FosBiliferom ; rocks, from which they 
are absent, as Unfomliferoua. 

In nearly every case we shall find that a Foasiliferom Rock 
is also Non-Cf'ystalline and Stratified. 

In some rare instances we may meet with fossils in Crys- 
talline unstratified rocks, but these will be so very few, that 
toe shall eome to look upon rocks of this class as Unfossiliferous. 

Petrological daMificatioii of Books. — Subject then 
to certain exceptions, not relatively very numerous, and 
some of them more apparent than real, Petrological inves- 
tigations lead us to arrange the rocks of the earth’s crust 
into two classes having the following distinguishing 
characters : — 

Ibt Class. 2Nn Class. 

Crystalline. Non-crystalline. 

Unstratified. * Stratified. 

Unfossiliferous. Fossiliferous. 

Tantui ooimactad with Stratideatioii. — ^We may 

conveniently define here a few terms used in connection 
with Stratification. The thicker layers of bedded rocks 
are usually spoken of as Beds or Strada, and the thinner 
as Lmninta or Stratula. Sometimes each of those portions 
of a group of bedded rocks, which has the same mineral 
composition throughout, is called a Stratum; and, if this 
stratum can be split up into a number of subordinate 
layers, each is called a liamina. Thus in Fig. 6, we 
should say we had a stratum or bed (No. 8) of brown 
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Clay overlying a stratum or bed (No. 4 ) of soft Sand, the 
first consisting wholly of Clay, the second wholly of Sand. 
The brown Clay however can be split up into a large 
number of thin peirallel layers, each of these is called a 
lamina^ and the rock is said to be laminated or JisBtle. The 
distinction between strata and laminae is somewhat vague, 
but the circumstances do not admit of exact definitions or 
hard lines. Single beds of rock Sometimes are as much 
as two hundred feet in thickness, but such are rare ; about 
five feet would be a general average. Lamination may go 
to almost any extent ; in some very finely laminated rocks 
as many as thirty or forty layers may be counted in the 
thickness of an inch : such beds are usually clayey in com- 
position, and are sometimes called Paper Skalee ; very finely 
laminated siliceous'and calcareous rocks are however also 
met with. 

When, as in Fig. 6, the upper and under bounding sur- 
faces of the beds are parallel, so that each bed keeps the 
same thickness, the bedding is said to be Regular. A rock 
which is regularly and not very thickly bedded, so that it 
can be split up into slabs for paving, is called Flaggy, or a 
Flagstone ; if the layers are thin enough for roofing pur- 
poses, a Tilestom.^ The majority of Flagstones and Tile- 
stones are Sandstones, but some limestones, and even some 
bard Argillaceous rocks, yield Flags and Tiles. When beds 
thin away, the bedding is Irregular or Wedge-shaped, as in 
Fig. . A bed which thins away in all directions is called 
Lenticular or Lens-shaped. 

This is all we will give hereunder the head of Petrology. 
There are many points yet to be noticed respecting 3ie 
structure of rocks on a large scale ; but we shall find it the 
best plan to take these one by one, as opportunities occur, 
while we pursue our inquiries into the way in which rocks 
were formed. Whenever, from time to time, we find that 
we have gathered knowledge enough to enable us to under- 
stand how any great structural peculiarity was produced, 
we win describe that structure and the way in which it 
arose. 

Bescriptiva Geology. 8iiiiimaa;y. — Let us now take 
stock of the knowledge we have gained from Descriptive 
Geology. 

♦ This term, and not Slate, shall see hy-and-by that the 

ouj^ht to used for those rocks planes which hound roofing slates 

which split into roofing slabs are not planes of bedding, 
along pknes of bedding. We 
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To the substances which make up the earth’s cnist we 
gave the general name of Rocks. 

Rocks we foimd to be mechanical mixtures of certain 
definite chemical compounds called Minerals. 

The number of mineral species which enter to any 
ajmreciable extent into the composition of rocks we found 
to be small, and the chemical elements of which these rock- 
forming minerals composed to be not more than twelve 
in number. 

By an indoor examination of hand specimens, or litho- 
logy, we were led to a threefold classification of rocks. 

Id. CryutalUne Rochsy in which crystals appear with 
sharp angles and unroimded edges, but not an*anged in 
any regular order. 

2nd, — SchistoHe Rochy which differ from the last in 
having their mineral components arranged more or less in 
separate layers, a structure which is expressed by the word 
Foliation. 

Zrd, — Non-crydallim Roclc^y in which the mineral com- 
poncmts appear in the shape of grains more or less rounded, 
or chipped and broken. 

An* examination of largo rock masses in the field, or 
Petrology, leads us to a twofold classification of rocks. 

1 . Stratified Rochy which are arranged in parallel layers, 
beds, or strata. 

2, Umtratified Rocksy which possess no such bedded 
structure, or possess it in a minor degree. 

We further found that the great mass of the Crystalline 
rocks are XJnstratified, and the great mass of the Non- 
crystalline rocks are Stratified. In the latter too we 
frequently meet with Fossils ; from the former Fossils are 
almost invariably .absent. 

8o that a mere examination of the composition, struc- 
ture, and contents of rocks led us to arrange them in the 
two following classes : — 


Ibt Glass. 
Crystalline. 

TJn stratified. 
Unfossiliferoiis. 


2ni> Class. 
Non-crystalline. 
Stratified. 
Fossiliferous. 


Lastly, we pointed out that this dassification was liable 
to exception, and was otherwise imperfect, but that it was 
the best we could arrive at in the present state of o\ir 
knowledge. This leads us on to inquire whether a further 
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study of rocks will not tell us something more than we 
yet know about them, which will enable 'ue to arrange 
them in a more satisfactory manner. In the next three 
chapters we shall find that what we want for the purpose 
is a knowledge of the way in which rocks were formed, 
and that, when we have mastered this branch of Geology, 
a natural and consistent classification follows from it as a 
matter of course. 



CHAPTER m. 

DJSNUDATION. 

Process of time worketh such wonders, 

That water, which is of kind so soft, 

Doth pierce the marble stone asund^ 

By little drops falling from aloft. 

Wyatt. 

SECTION I.— PRINCIPLES ON WHICH THE INQUIRY 
INTO THE ORIGIN OF ROCKS IS BASED.-^EXAMPLES 
OF THE APPLICATION OF THESE PRINCIPLES.— 
DEFINITION OF DENUDATION AND ENUMERATION 
OF DENUDING AGENTS. 

W E have now made the acquaintance of the chief mate- 
rials out of which rocks are metde up, and have 
learned what are the great classes into which we sub- 
divide the rocks themselves, according as we look at them 
from a Lithological or Petrological standpoint. 

It would be possible still to limit our attention for some 
while to purely Descriptive Geology : we might take one 
by one each in^vidiial species of the great dasses of rocks, 
and describe its lithological composition, and the structural 
characteristics which it shows when studied on a large 
scale ; and this we might do without saying a word about 
the causes that produced the rock and impressed on it its 
peculiar structure. Then we mijght in separate chaptei^s 
treat of the origin of rocks and of rock structures. 

But, beyond a claim to systematic arrangiSment, such a 
scheme would possess no advanta^ whatever, and it 
would be attended by a serious evu. It would lay upon 
the mind of the student a burden too heavy to be borne, in 
that it would compel him either to carry in his memory a 
huge mass of bare facts up to the time when he reached 
|hat part of the book where the eiiplanation of these facts 
is given ; or, if , as is most likely, he found this beyond his 
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powers, it wo\dd oblige him to be continually turning 
back, when the meaning of any fact was explained under 
the head of Historical Geology, to the description of that 
fact under Descriptive Geology. 

We will therefore no longer linger in the pureh>^ 
descriptive part of our subject: we will go on to describe 
the different kinds of rocks in detail, but we will put sitle 
by side with the descri 2 >tion of each an oxjdaiiation of the 
way in which it has been formed. Thus the subject will 
be rendered less dry, and a great strain on the memory 
will be avoided. 

But the question may be very reasonably asked at the 
outeet, How do we know that there has ever been such a 
thing as formation of rock ? Are we sure that the rocjks 
have not been all along such as we see them now, and that 
the earth’s crust did not come into being in the identical 
state in which it is at the j^resent day ? 

There are a host of facts that enable us to give a decided 
No in answer to such suggestions. One of theses the CKH'ur- 
rence of fossils in the heart of masses of rock, which has been 
noticed in the first chapter, is alone sufficient to settle tlic^ 
question. And very slight obsen^ation of what is going on 
every day before our eyes is enough to convince us that, 
for as far bacfk as the earth has been anything like what 
it is at present, the rocks of its surface must have been 
constantly undergoing wear and tear, and that fresh I’ocks 
must have been forming without cessation out of tbeh ruins. 
The whole of this and the next chaj>ter will be taken vij) w ith 
a statement of the facts on which this assertion rests, and 
when the reader has reviewed the evidence, hc3 will sc^e that 
but one conclusion, the one just stated, can ^ drawn from it. 

Principles on wliich the Origin of Bocks are 
detennined. — The grand principles that must guide us in 
our speculations as to the origin of rocks are few and 
simple ; but a very extensive range of knowledge is neces- 
sary to enable us thoroughly to apply them. We have 
first to inquire whether there are any substances now in 
course of formation which are identical with rocks of the 
earth’s crust, or any which, if not acftuaUy identical, could 
be made so by modifications which it is reasonable to 
suppose they would be likely to undergo. If we do find, 
as we do, any such substances, we then study the causes 
which are now producingthem, and conclude that the rocks 
which they resemble were produced in bygone times by 
similar causes. 
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In this way we are able to give a satisfactoiy" account of 
the formation of many rocks. There are others which 
cannot have been produced by any causes that come within 
the reach of our actual observation ; but even in the case 
of these we can form reasonable conjectures how they 
arose and what changes they have gone through. 

We will begin with an inqui^ into the origin of some of 
the Non-crystalline bedded rocks. These we shall find 
have been formed by the breaking up of some pre-existing 
rock, and in nearly all (iases, when we trace back their 
history far enough, we leam that they sprang first of all 
from some one of the Crystalline rocks. 

It would seem at first sight more natural to take the 
forefathers first and the descendants afterwards ; the 
present arrangement has been chosen, as Ixdter suited 
to an elementary treatise, for the following reasons. 
The bedded rocks are more familiar to tlie generality of 
I)eople than the great mass of the ciystalline, Further 
among tlie causes that took part in the formation of 
bedded rocks are some of the commonest operations of 
Nature, so cnmmon indeed that their importance was 
long overlooked through sheer familiarity. These pro- 
cesses are going on every day under our eyes and can be 
studied by every one. There is this advantage then in 
dii*ecding th(^ attention of the student first of all to the 
fonnation of this class of rocks ; he can, whoever and 
wherever he be, observ^e for himself some of the steps by 
which they have been produced, and test by his own 
observation the correctness of the teaching which is put 
before him. The processes, on the other hand, to which a 
great part of the Crystalline rocks are due, operate unseen 
to a large exhmt at considerable depths below the surface ; 
and when they do break forth and come within the range 
of observation, their sphere of action is confined to certain 
limited tracts of the earth’s surface, which many persons 
liave no chance of visiting. 

Bxample of the 2>o^rmixiatio2i of the iftigui of a 
Book. — To make a beginning here is an instance of the 
way in which we fen‘et out the steps by which a particular 
rock has been formed. 

Here is a bit of cotirse Gfritstone, and side by side with it 
let us lay a pitK?e of coarsely grained Granite. The two are 
singularly alike, and in hath we can readily distinguish the 
tliree mintyrals Felspar, Quartis, and Mica. The spei'innuis 
might well be supposed by a casual observer to liave been 
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broken off the same crag, and if the two tors from which 
they were taken are viewed from a little distance, they 
are so similar in outline and look, that any one might 
be pardoned for supposing they were made of the same 
rock. But if the blocks be scanned a little more closel}", 
specially if they be examined with a pocket lens, an im- 
portant difference will be detected between them. In the 
Granite there are crystals with their angles pointed and 
their edges sharp; in the Gritstone, though the crystals 
may not be much altered, yet a certain amount of rounding 
off has taken place in both angles and edges. There can 
be no question that the Gritstone has been formed by the 
breaking up of a rock identical with the Granite sj^eciinen 
before us, and that in the process the crystals have lost 
something of their 8harj)ne88 of outline. Our next ques- 
tion will be, What has done this ? Let ns visit the rocky 
tor from which our specimen of Granite was taken, and we 
shall not have to wait long for an answer.* The outer 
surfa<;e of the rock is evidently ei'umbling away, parts 
readily fall off in a coarse powder, the grains of which are 
crystals roimded in just the same way as in the Gritstone 
before us : large quantities of a similar powder are spread 
round the base of the tor, and fill cracks or hollows on its 
surface. Tne Gritstone holds together a little more firmly 
than this powder, but otherwise there is no difference 
between the two, and the conclusion is irresistible that the 
former is nothing else than a quantity of the latter, that has 
been in some way or other bound together into a mode- 
rately firm rock. If now we turn over in oiir minds what 
is constantly happening to this Granite tor, we shall readily 
understand how it is that it is crumbling away. Bain 
beats upon it, €md has power to decompose and dissolve 
part of the cement by which it is held together; the 
water also, as it streams off the rock, washes over it the 
coarse grains lying on its surface and these grind it away 
like emery or a fim ; the wind drives against it the same 
wearing implements with the same effect; frost expands 
water contained in chinks or crevices, and forces off frag- 
ments : these and similar agents are incessantly at work, 
and by these the crag is being broken up and the heap of 

* It wil] he noted here that in which the Gritstone has been 
though mere lithological exatni- formed, it is only by out-door 
nation will in this ca)»6 help us study that we can realise all the 
a little towards learning the way steps in the process* 



DETERMINATION OF ORIGIN OP ROCKS. 91 


debris, which surrounds and partly buries it, has been 
formed and is constantly being added to. 

By methods like those just described the materials, out 
of which our Gritstone is built up, were obtained : but the 
history of its formation is not yet complete. If we visit 
the quany from which our specimen was taken, we shall 
find the rock arranged in layers, beds, or strata, each layer 
being marked off by a clear plane of division from that 
above and below it, and likely enough we may find, 
between some of the beds, layers of Clay, Limestone, or 
other rocks. No such bedded arrangement exists in the 
debris that surrounds the Granite tor; and therefore, 
though the materials for making a Gritstone are certaiiJy 
to be found there, they must undergo some further process 
of arrangement, before they could give rise to a rock like 
that of which our specimen formed a port. 

Not far from the foot of the Granite tor there runs a 
rivulet, and in fine weather it is clear enough to allow us 
to count the stones on the bf)ttom. But after heavy rains 
the water pours down thick and turbid : fill a glass from 
the brook and let it stand : the water soon becomes clear, 
and a quantity of sand and mud, which -was the cause of 
the turbidity, settles to the bottom : take out some of 
tbe settlings, and spread it in the sun to diy”, it is nothing 
else but some of the finer part of the rubbish around the 
tor produced by the weatliering of the Granite. It has 
been washed down the sloping bank by rain, and is being 
swept forward by tbe cun*ent. Now return to the rivulet ; 
by a little attentive listening wo can detect amid the 
rushing of the torrent a harsli, grating sound rising from 
beneath the water ; this is caused by the coarser parts of 
the rubbish, which have been swept down into the stream, 
but which, being too heavy to be carried suspended in the 
water, are being pushed and rolled along the pebbly 
bottom. Thus the ruins of the Granite, coarse and fine 
alike, are being always carried forward; and when the 
rivulet falls into a larger brook and this again into a 
river, the waste matters travel on along with the contri- 
butions of the other feeders. The journey goes on till the 
river enters the stiU waters of a lake or of the sea : the 
stream then loses its velocity and therefore its power to 
cany any further ; and the matters, which it has brought 
so far, all sink, sooner or later, to the bottom, and are 
spread out in layers Mproximately horizontal. In the 
intervals between two fioods each layer will have time to 
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harden a little before the next layer is placed upon it, and 
so a plane of sepaj'ation between the two will be produced, 
and the deposit will have a bedded or stratihed structure 
given to it. Further the velocity, which is suificaent to 
sweep along fine mud, is not able to move coarse sand, and 
hence at one time the former alone, and at others the two 
together, will be laid down beneath tlie still water. In 
this way the deposit will come to have in it layers of dif- 
ferent degrees of coarseness and different composition. 
Again the heaiy materials can at no time be carried so far 
out into tlie lake as the lighter and finer ; and thus the 
stuff brought down will be, so to speak, sorted, coarsen 
deposits will prevail near the mouth of tlie river, and will 
thin away in a wedge-shaped fonn, and bo replaced by 
finer beds, as we advance towards deeper water. All this 
is found to be the case, when we drain lakes and ent 
into the accumulations which have been formed beneath 
their waters. 

The stratified structure of the Gritstone mass, of whifb 
our specimen formed a part, is so exactly similar to that of 
deposits farming nowadays beneath still water in the 
manner just described, that we have no hesitation in 
ascribing it to the same cause which is giving them their 
bedded arrangement, and every ste]) in the histoiy of its 
formation is now clear to us. Its materials were f uniishcHi 
by the atmospheric wear and tear of Granite : they were 
washed by rain down liill-slopes into running streams, 
carried forward during floods into bodies of still water, 
and there they came to rest in layers laid one over the 
other by successive freshets : the bands of clay lying 
between the different beds of Gritstone, wore formed in 
the same way, when the streams were lower and had not 
power to carry anything heavier than fine mud. 

Bocks like this Gritstone, because they are made up of 
broken pieces of pre-existing rocks, are sometimes spoken 
of as Clastic (eXoor^, broken) or Derivative : and because 
they have been formed under water they go by the name 
of Subaqueous. Tlioso derivative rocks, which have been 
formed not by the mechanical wear and tear of pre-existing 
rocks, but by the chemicjal decomposition of their con- 
stituents, are sometimes called Dialytic, but the distinction 
is not of much importance. 

Eepeated observations, similar to that just described, 
bring home to us the conviction that the solid matters, 
whhm form the surface of the earth, are constantly under- 
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ffoing wear and tear ; that the loose rubbish thus pro- 
duced is being incessantly conveyed by the agen^ of rain 
and running water from higher to lower levels, till at last 
it comes to rest beneath large bodies of still water, where 
it is spread out in layers approximately horizontal ; and 
that it is in this way liiat a large part of the bedded rocks 
of the earth’s crust have arisen. 

Denudation. — Tlie process by which the surface of the 
ground is broken up and its ruins carried away, is known 
as Denudation, and the agencies by which this is effected, as 
Denuding Agents. A thorough grasp of the way in w'hich 
Denudation works, lies at the root of all sound geological 
knowledge, and v e will devote the rest of the present 
chapter to this subject. 

Enumeration of Denuding Agents. — Denuding agen- 
cies may be classed under the following heads. 

1. Bain. 2. Bunning Water, whether above or below 
ground. 3. Frost and Frozen Water. 4. Wind. 5. Animal 
and Vegetable agencies. 6. The Sea. 

The tirst five are generally classed together as Subaerial, 
Atmospheric, or Meteoric Denuding agents. The denu- 
dation wrought by the sea is distinguished as Marine. 


SECTION II.— HOW DENUDING AGENTS WOEK. 

We will now look at the way in which each of the 
denuding agents just enumerated works, and the results it 
produces. 

Wo shall have to consider each first as a j^oducer, 
secondly as a carrier of waste. 

1. — Bain. 

Bain acts on the surface of the ground in two ways, 
Mechanically and Chemically. 

Of the water which falls upon the earth from the clouds 
part rises again into the air by evaporation, ^r is taken up 
by plants ; part streams over the surface, and is at last 
collected into brooks ; part sinks into the ground, and, after 
pursuing for a longer or shorter distance an underground 
course, rises again in springs. We have here to deal with 
that part whi<3i flows over the surface, before it becomes 
gathered into a definite channel. 

ICooliaiiioEl Action of Duiu. — Water during this por- 
tion of its course exerf^ an important mechanical effect as 
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a carrying agent : any loose surface matter produced by 
the decom|) 08 iti‘on of the rock beneath is swept on by it, 
and advanced a step forwards on its road to the rivulet, 
which will at last receive both it and the agent which 
moves it. At the same time, as these loose materials roll 
over the ground, they still further abrade and wear away 
the surface. The power of a gentle shower to move fine 
mud may be seen any rainy day either in a i)loughed field 
or by a roadside : heavy stonns, even in temperate cli- 
mates, carry far coarser materials than most people are 
aware of, specially if the slope of the ground be steep. I 
recollect well enough having to leave a rock, which was 
affording me some small shelter during a thunderstoim in 
the centre of England, on account of the shower of stones 
which the rain washed over the edge, preferring the cer- 
tainty of being wet through to the chance of having my 
head broken. In the tropics, where not only is tlie rainfall 
very large in amount, but also whore an enormous quan- 
tity comes dowm in a very short time, the earning and 
wearing effects become enormously increased. 

We must also recollect that rain, besides acting as a 
carrier of loose matters, which it finds ready to hand, 
softens many rocks, such as Clay, and so renders them an 
easier prey to showers that come after. 

The earth pillars of the TyTol furnish an ex(Milent 
instance of a case of denudation on a large scale, which 
can have been produced only by the action of rain. 
There is a very full account of them in Lyeil^s ‘^Prin- 
ciples,’’ 10th ed. vol. i. j)* 335. 

Cheinical Action of Rain.^ — Bain also has the power 
of acting chemically on certain rocks, and carrying away 
some of their constituents in solution. 

The rock most largely attacked in this way is Limestone. 
There is a gas popularly known as Carbonic Acid, but 
which is styled by chemists Carbon Dioxide (CO,). A 
solution of Carbon Dioxide in water is supposed to form a 
weak acid, Carbonic Add (HjCOg). Carbonic Acid, or a 
mixture of Carbonic Add and water, has the power of dis- 
sohdng Caldum Carbonate (CaOOg), or Carbonate of Lime, 
as it IS often called. Now Carbonate of Lime, it will be 
remembered, is the chief constituent of Limestone, and 
whenever water impregnated with Carbonic Acid comes in 
contact with Limestone, the Caldum Carbonate is dissolved 
out and carried away in solution. Almost all water on the 
earth’s surface contains more or less Carbonic Add; 
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Carbon Dioxide exists in small quantity in the air, and the 
rain, as it falls, takes up some, and so beoomeer mixed with 
Carbonic Acid ; the same result is produced, when rwn- 
water comes in contact with decaying vegetable matter, as 
it Bows over the surface of the ground. Almost all surface 
water then has the power of attacking limestone, the dis- 
solving away of that rock goes on incessantly, and the 
amount which is thus slowly and insensibly carried 
away becomes in time very considerable indeed. It is 
in this way that the caverns and underground watercoxirses, 
with which aU Limestone countries abound, are formed. It 
is curious on taking up a good topographical map of cer- 
tain districts to note that there is a line on reaching which 
all the streams suddenly cease. This line marks the boun- 
dary between a tract of Limestone and some other rock 
insoluble in water: over the latter the water runs in 
brooks, but on reaching the former it has by degrees 
dissolved away the rock and eaten out underground chan- 



Fig. 7 . — Clay with Flints resting on Chalk. 
a. OlaywithFU&tt. 6. Chalk. 


nels, into which it sinks and flow's away out of sight. It 
is for this reason too that Limestone districts abound with 
funnel-shaped cavities, descending from the surface verti- 
cally into the rock, into which water sinks and disapp^ups. 
They are often called Swallow Holes or Swallows, wher- 
ever there was any little depression in which water could 
lodge, the bottom was eaten away lower and lower, and a 
pipe formed at last leading from the surface into an under- 
ground channel. Districts composed of very pure Lime- 
stone show bare rock up to the surface, be^ttse the rock 
iB entirely soluble ; when however the Limestone contains 
insoluble impurities, these remain behind, and give us the 
means of forming a rough estimate of how much has been 
removed. We have a good instance of this in the south 
of England. The surface of the Chalk Downs there is 
often covered, as shown in Fig. 7, with a red day full of 
Mints, known as day with Flints; the origin of winch is as 
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follows.* Chalk cjontains from 94 to 98 per cent, of Car- 
bonate of Lime, mixed witli from 2 to 6 per cent, of clayey 
and earthy matters, it has also embedded in it many 
nodules of Flint. The two last are practically insoluble, 
and therefore remain behind when the first is dissolved 
and carried away by percolating rain-water. The Clay 
with Flints often reaches a thickness of many feet, and 
testifies to the large extent to which the rock has been 
insensibly dissolved away.f In the same way many parts 
of PalestineJ are thickly strewn with loose lumps of rlint, 
which have remained behind, while the Limestone, in 
which they were originally contained, has been carried olf 
in solution. There is scarcely any of the manifold denuding 
processes, which is of such imjx^rtance and so constantly 
brought before the notice of the geologist, as the dissolv- 
ing away of limestone by Carbonated Water. 

^ some cases, where Limestones contain a large admix- 
ture of siHceous matters, a sort of skeleton of the latter 
remains behind when the Carbonate of Lime is dissolved 
out, forming what is known as Rottenstone. 

Another important decomposition effe<?t.ed by Carbonated 
Water is that of the Potash and Soda Felspars. The result 
is the production of Clay, and it is from this source that 
the material.s of tlie clayey rocks have been in the first 
instance derived. W'e may take the decomposition of 
OrthoclaBe as an instance. That mineral is a double Tri- 
silicate of Alumina and Potash : the result of its decompo- 
sition is Kaolin or China Clay. The composition of Kaolin 
seems from the investigation of chemists to be variable, 
but some forms of it certainly approach very nearly to a 
Hydrated Bisilicfde of Aliunina with the composition 


Silica . • • • - 46'6 

Alumina , . . . 39*5 

Water 13*9 

The following example of Kaolin comes under the above 
formula : — 

Silica . . . • . 46*32 

Alumina .... 39*74 
Iron Oxide- . . . *27 


• of parts of Middle- 

sex, Herts, Bucks, Berks, and 
Surrey (Memoirs of Uie Geolo- 
gical Survey of England), p. 08 . 


t B<je also Bisthoff, Chemical 
Geolojjry, iih 

t Dictionary of the Bible, Art. 
** Palestine/* 
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Lime . . , , , *36 

Magnesia , , • . ’44 

Water .... 12*67 

The result of the decomposition then has been to remove 
the whole of the Potash and a part of the Silica. Chemists 
are not agreed as to the form and manner in whicsh these 
constituents are carried away. Some think that a soluble 
Silicate of Potash is formed. Others hold that the Silicate 
of Potash is decomposed, and that the Potash combines 
with Carbonic Acid and goes away as Carbonate of Potash, 
or partly as Carbonate and partly uncombined, and that 
the latter is taken up by plants. The resulting Silica may 
be carried away in solution and redepositod elsewhere. 
The occurrence of nodules of Opal, Chalcedony, and other 
forms of colloidal Silica in KaoHn, makes it very probable 
that some at least of the Silica is disposed of in this 
manner : but many Kaolins contain a much larger percen- 
tage of Silica than corresponds to the formula given above, 
and in their case it is likely that the whole of the free 
Silica is not removed, but remains either in a state of 
mechanical mixture, or combined in some different propor- 
tion with the Alumina.’*^ 

The formation of Kaolin goes on naturally to a large 
f'Xtent in many Granite districts, Cornwall for instance,! 
and deposits of the Clay are formed in hollows or flats, to 
which it has been carried by running water : such deposits 
<’,ontain grains of Quartz, imperfectly decomposed frag- 
ments of Felspar, scales of Mica, and other impurities, 
which are separated by washing. 

The Oxygen of the air contained in rain-water also 
enables it to oxidise, or raise the degree of oxidation of 
some constituents of rocks. Thus, for instance, many 
iwlcs, when brought from a depth below the surface, where 
they are protected from the action of the air, are blue or 
grey, the colour being due to Carbonate of Protoxide of 
Iron. But the same rocks, when exposed to the atmosphere, 
are red, yeUow, or brown, because the coloifring matter 
htis been converted into on anhydrous or some hydi*ated 
Bosquioxide. 

Of the substances acted on chemically by rain-water the 

* Zirkel, Fottogra}>bie, ii. 608; f De la Beche, Report on the 
Naumaim, Geognosie, i. 726 ; Geology of Cornwall, Devon, and 
Biechog Chemi^ Geology, ii. West Somerset, p. 609. 

176; Wagner, Chemical Tech- 
nology, p. 293. 
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one most largely dissolved is Carbonate of Lime, partly 
because it is so readily soluble, and partly because Lime- 
stone is a rock so universally diffused. This being tbe 
case, it certainly seems strange that this salt can scarcely 
be detected at all in solution in sea- water ; Sulphate of 
Lime and Magnesian Salts, which have doubtless come 
there in the same way as Carbonate of Lime, we do find in 
sensible quantities, but the last only in the smallest amount, 
or not at all. These apparently contradictory facts are 
capable of easy explanation, as we shall see, when we come 
to look at the formation of Calcareous rocks. 

Besides the substances mentioned, rain-water dissolves 
and carries away in solution others less common, as Rock 
Salt, Sulphate of Lime, Sulphate of Magnesia, and, under 
certain circumstances already mentioned, Silica. 

2. 'RvmtmQ Water. 

Bikers as Carriers of Sediment. — As the portion of 
tbe rain that streams over the ground becomes gathered into 
definite channels, it brings into the brooks so formed tlie 
matters which it has swept mecdianieally along with it, 
or which it holds in solution, and the first function which 
running streams perform is to carry these on in tlieir 
downward course. 

In this way alone streams and rivers ore most imi)ortant 
auxiliaries in the work of denudation, they prevent accumu- 
lations of debris fi^m acting as a shield against the action 
of denuding agents, and allow a bare surface to be always 
maintained for the latter to work upon. 

We 60*0 apt at first sight to unaerestiraate the canrAung 
power of running waters, and to take notice only of the 
light matters which float on the surface, overlooking the 
far more important burden of fine mud they hold in sus- 
pension, the matters carried down in solution, and all they 
move forward by pushing them along the bottom. It is 
only when tlie amount of matter carried by rivers is sub- 
jected to actual measurement that we come to realise how 
large it really is. To take two instances, it has been 
determined that the Mississippi carries 7,469,267,200 cubic 
feet of sediment evety year into the sea ; and the Rhone 
600,381,800: the first of these quantities would fX)ver a 
scjuare mile of ground to a depth of 268 feet.’*^ We must 

♦ The student will do well to by Professor Goikie, in Jukes' 
oonsult tbe udmirable and ex- Students' Manual of Geology, 
haustiTe treatment of this subject, 3rd ed., pp* 420 — 429. 
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also recollect that since the specific gravity of rocks lies 
between 2 and 3, they lose from a h^ to a third of their 
weight in water* 

During floods the carrying power of rivers becomes very 
much increased, but I believe veiy few pwple are aware 
how enormous the increase is, unless actual instances of the 
work done by violent rushes of water happen to have come 
under their notice*^ Here then are the details of a couple 
of actual cases. 

In 1866, twenty inches of rain — more than falls in many 
places in England in the course of a year — fell in Scinde in 
twenty-four hours, and the Mulleer Edver rose in conse- 
quence to an unusual height. The valley was crossed 
sixteen miles above Kun’aehee by a bridge constructed of 
wrought-iron girders. The flood banked up wood and 
gi’asB against me bridge, and at last threw it over, and one 
of the girders, weighing eighty tons, was carried two miles 
down the river and buried in sand. It is probable that in 
this case the accumulation of drift-wood served in some 
measure to buoy up the girder, but, even allowing for this, 
the transporting power of the current must have been 
astonishing, t 

In 1864 a frightful flood was caused by the bursting of a 
reservoir above Sheffield. The rush of water was most 
violent, for it was estimated that 40,000 cubic feet 
passed along the narrower part of the valley per second. 
The official report stutes that 92,000 cubic yards of the 
embaiikmeut were swept away in less than half-an-hour, 
and mentions one stone weighing thiity tons wliich was 
moved ; I saw myself a stone of about two tons, which I 
could identify by its shape as having formed part of a 
weir more than a hundred yards up the valley. Whole 
acres of meadow laud were deeply buried beneath heaps 
of debris, consisting mainly of large angular blocks of 
rock, wliich the torrent had tom ofl^ from the banks as it 
ruslied along. 

Besides mechanically formed sediment rivers also carry 
away large quantities of matter in solution, which has been 
brought into them by rain or spring wat-er, or dissolved 
out in their passage over soluble rocis. Thus the waters 
of the Nile contain 14 parts in 100,000, those of the Rhone 

* Mr. Hopkins states that the Journ. Geol, Soc* of London, vol. 
weight which a cuirent of water viii., Presidential Address, p. 27. 
can move increases as the Bixth f Quart. Jonrn. Geol. iSkj. of 
of the velocity* Quart* L(mdon, vol* xxiv. p. 124. 
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17, those of the Main 24, and those of the Thames 40 of 
matter in solution. 

2>eniidation wronght hy Bivem directly. — But 

besides acting as the bearers of matter brought into them, 
streams take also a direct part in the work of denudation. 

Eunning water has of itself little or no power to abrade 
rocks, except in so far as it maj in some cases soften them 
and destroy their coherency by soaking into them ; but the 
sediment, with which all streams are charged, enables 
them to effect a very large amount of destruction. This 
wears away the banks as it passes, and portions from time 
to time become undermined and topjdo over into the current, 
there to be ground fine and in the end swept away. The 
process may be seen going on even in rivers which flow 
peacefully through comparatively flat districts; and in 
more rugged tracts, where the stream runs at the foot of a 
lofty cliff, the amount brought down by each fall is pro- 
portionately increased. The imdercutting will evidently go 
on faster if the base of the cliff consists of a rock softer 
than that on the summit, or if there be springs bursting 
out on its face. 

Thus rivers are always performing a twofold work ; they 
sweep along debris brought into them by rain, and this 
enables them to wear away their banks and beds, and to 
grind small the masses detached by its action, while it is 
itself at the same time still further comminuted, and ren- 
dered capable of being carried more easily and to longer 
distances. 

The direct denuding action of rivers, like their carrying 
power, is of course vastly increased during floods. The 
Sheffield flood already mentioned furnished admirable 
proofs of this. Some small farmhouses, which stood 
across its path, were sliced in two, as neatly as if they had 
been cut through with a knife, one half carried away, and 
the other left standing. At sharp bends in the valley, 
where the water had impinged on projecting spurs of the 
bank, or where it had been driven into a recess, it had 
excavated in the solid sandstone rock large hollows, which 
any one, who was not aware of the circumstances of the 
case, would have supposed to be quarries. 

Undargroimd Steeams. — ^We will next turn our atten- 
tion to the water that circulates underground. In the case 
of rocks not acted upon chemically by rain, this finds its 
way down through cracks, or between the beds, or, in the 
case of a very open porous rock like unconsoUdated sand, 
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tlirough the body of the rock itself. If its downward course 
is stopped by reacliing a bed, through which it cannot force 
its way, it flows along the top of this bed, and escapes, 
when the bed comes to the surface, either in springs or by 
a general oo2dnp; out above the outbreak of the impervious 
stratum. Or it may be that the cra<iks by which it is 
descending become so narrow that friction gainst their sides 
seriously impedes its further progress ; if in this case it 
meet with a wider fissure opening out upwards, it may be 
easier for it to be forced up this by hydraulic pressure than 
to continue to descend by gravity, and then it will mount up 
and issue as a spring,* 

ilie natural pipes which feed springs of this class will 
not generally have a very large bore ; but in the case of 
rocks which are chemically acted on by rain, there is 
scarcely any limit to the size of the underground channels 
which water makes for itsel£ Among the widely diffused 
rocks Limestone is the one most readily soluble, and 
in it accordingly are these underground w'atercourses 
most frequently met with : the water bursts out of them, 
not as a spring, but as a fuU-grown brook ; and they some- 
times sw^ow up, and after a time discharge again, the 
contents of good-sized rivers. It is scarcely necessaiy to 
give instances, but we may mention the Holy Well, at the 
town of that name in Flintshire, which was estimated by 
Pennant to discharge twenty-one tons of water in a minute. 

The fable of 

Divine Alpheas, who by secret sluice 
Stole under seas to meet his Arethuse,t 

was evidently based on a knowledge of the facts we have 
been describing, examples of which are extremely common 
in the cale^eous districts of Greece, 

Underground streams, provided their course is through- 
out downwards, may and do produce and convey mechanic- 
ally formed sediment, just as rivers above ground, but the 
amount of it will obviously be small, ^eir principal 
share in the work of denudation is dissolving and carrying 
away in solution anything they can act upon chemically, 
and the amount removed m this way, so to speak invisibly, 
is very large indeed. 

In volcanic districts, or where springs descend to a great 
depth, their waters become heatea and impregnated with 

♦ Gsilde, Prixner of Phygioal Geography, p. 46, Fig^ 6, 
t Oomu8« 
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alkaline solutions, and are then able to dissolve Silica and 
other matters, which otherwise they would not be able to 
attack so easily. We have already seen however that 
under certain circumstances carbonated and acid waters 
are able to take up Bihca at the surface. The increase of 
pressure at great depths also allows water to become more 
largely carbonated, and otherwise increases its dissolving 
power. 

Water accumulating below ground assists in another way 
in bringing about denudation of the surface. When large 
quantities of soluble rocks, such as Limestone or Rock 
Salt, have been dissolved away, the ground above falls in, 
and thus new channels are formed for rivers to run in, and 
carry on in their own way the wearing away of the surface. 
Thus many of the depressions, in which the lakes called 
Meres in Cheshire lie, have probably been formed by 
the sinking of ground beneath which thick masses of Rock 
Salt have been dissolved away and many of the ** Dales 

of Derbyshire and other Limestone districts have all the 
look of having been once caverns, the roofs of which have 
fallen in.f 


3. Feost akb Ice. 

We now come to the denuding effects of water in its 
solid shape as ice. 

If water be gradually cooled, it contracts as the tem- 
perature decreases till 39° Fahrenheit or 4° Centigrade^ is 
reached ; it then begins to expand and continuc*s expanding 
till it is converted into ice at 32° Fahrenheit, or 0° Centi- 
grade. 

Froxen Water* — In the process of expansion the efforts 
of the molecules to get further apart are so ex(;eedingly 
powerful, that, if the water be shut up in a close vessel, 
they rend the latter open, even though it be formed of iron 
half an inch thick. J ust the same result follows when water, 
which has soaked into the cracks and crevices of a rock, 
freezes. The expansive force tears the rock open, forces 
off pieces from it, and throws them down to oe worked 
small by rain and other denuding agents. 

The amount of rain wrought m this way will evidently 
be very considerable. All rocks admit water, and, whor- 

♦ Omerod, Quart. JoQrxi.Geol. byshit© (Kemoirs of the Geolo- 
Soc., iv. 262. gtcal Survey of Ezkgknd), p. 2. 

t The GkKdogy of North Der- 



GLACIEES, 103 

-ever frost occurs, it becomes one of the most poworM agents 
in their destruction.* 

Olaciers. — ^We have already seen how important a 
denuding agent water is, as it flows over the surface in its 
liquid state ; in those cold regions, where water can exist 
only in a solid condition, the place of streams and rivers is 
taken by Ice Rivers or Glaciers, and these also do their 
share of denuding and transporting work. There is a 
<;ertain line, called the limit of perpetual snow, whose 
height in the tropics is some 15,000 or 16,000 feet above 
tlie sea, and which gets lower and lower as we go north- 
wards or southwards, till at last it comes down to the sea 
l(3veL Above this line the temperature never rises for long 
togetlier above the freezing point, and all the moisture 
which falls from the sky comes down, not in the shape of 
rain, but as snow. On a table-land, which rises above this 
limit, snow alone will faU ; and, as very little of it is ever 
melted, layer after layer wDl be added, and the pile will be 
always growing in thickness. The snow thus heaped up is 
compacted into ice in various ways : the weight of the mass 
fon^ea the air out from between the crevices of the snow 
flakes, and binds them together; and the water, which the 
thawing of the surface by the mid-day sun produces, 
trickles down into cracks and crevices, and becomes frozen 
there when night comeson. In this way in such situations 
enormous heaps of snow and ice arise. It would seem at 
first sight that under these circumstances the ice heap must 
increase in thickness every year, and that in consequence 
the table-land oh which it rests will get liigher and higher 
as time goes on; but this is not the case, snow-capped 
mountains and ico-clad table-lands retain the same eleva- 
tion in spite of the constant additions to their cxrvering, and 
there must therefore be some means by which ico is carri(>d 
avay from them as fast as it is being added above. Now 
if ico were a body rigid like glass, this inci'ease in the height 
would take place wherever the ground rises above the snow 
line, and there would be scarcely any limit to the depth of the 
accumulations which would be formed in such situations. 
But though to look at it any one might well smipose that 
ice has as little power to change its shape, bend, or mould 
itself as glass, such is really far from being the case. 
Under a sufficient amount of pressure ice can be forced into 
new forms almost as readily as moist clay or dough, though 


* Bee GeoL Mag., vol. vi. p, 491, for a good inaUnce. 
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the amount of pressure required to mould ice is far greater 
than suffices for the modelling of these evidently plastic 
materials, and the change of shape takes place in a totally 
different manner in the two cases.* Now suppose we laid 
clay on a table with a slight bulge upwards towards the 
middle, from which boards sloped down to the floor, and 
kept adding to it above, what would happen ? For a time 
w e might go on adding to the heap without producing any 
effect, but as we kept putting more and more on, the 
w^eight of the upper part would squeeze out some of the 
clay below, and at last force it over the edge of the table 
and dowm the boards, and as long as we kept heaping on 
above, clay would continue to be squeezed out below, and 
would slide in an unbroken sheet down the boards on to 
the floor. If there were grooves or hollows in the surface 
of the boards, the fluow of day would evidently take place 
chiefly along them. 

This is exactly what happens when a great heap of snow 
and ice has been piled up on a lofty table-land ; the weight 
of the hu^ mass drives portions over the edges of the table- 
land and down its slopes ; and, as tho pressure from behind 
is kept up by the additions which ore always being made 
to the pile at top, a continuous and steady flow is main- 
tained. In high latitudes, where the snow line comes down 
to the sea level and the whole laud is cased in ice, there is 
a discharge of the latter ail along tho coast line into the 
sea ; in more temperate climates, where snow accumulatea 
])ermaiiently only ou very high ground, the ice drains off 
dowm the valleys in the form of long tongues, known as 
glaciers, which are really ice rivers, always sliding down* 
wards, and whose motion, except that it is slower, differs 
in no respect from that of streams of liquid water. Glaciers 
descend far below the snow line, but sooner or later reach 
a level at which they can no longer remain in a frozen 
state, when they melt and become nvers. 

The under surface of a glacier is just at the melting point, 
and the water derived from the thawing of the bottom layer 
of the ice, together with that which sinks down crevasses 
when the upper surface is mdLted by the mid-day sun, runs 

* The student who wishes ceedings of the Boyd Society, 
fully to understand how ice is xvii. 202; Croll, Phil. Mag., 
able to manage this, must consult March, 1869, and September, 
TjTidall, The OlaciefTS of the 1870 ; OHmate and Time, chaps. 
Alps ; Lyell, Principles, vol. i. xxx. and xxxi. ; also Nature, i. 
chap. xvi. ; (kuon Moseley, Pro- 116, iv. 447, v. 186, vi 396. 
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in a stream between the base of the glacier and the rock on 
which it rests, and issues, often in considerable body, from 
beneath the snout. 

Tlie table-land on which snow accumulates is called the 
^‘gathering ground,’* and the parent mass of snow the 
‘^snowfield” or *^neve.” 

Glaciers, like rivers, act as carriers of debris brought on 
to them. On the bare mountain slopes, which rise above the 
ice, atmospheric weathering goes on largely, and the loose 
matters thus produced roU down the hillsides and faU on 
to the surface of the ice. Thus long lines of dirt, stones, 
and large angular blocks of rock are always found fringing 
the edges of a glacier. These are called Lateral Moraines, 
When two valleys meet and their respective glaciers unite, 
the two inner lateral moraines run together into a heap of 
rubbish in the middle of the glacier and form what is called 
a Medial Moraine, In the case of a large glacier formed by 
the junction of many tributaries, there will be many of 
these medial moraines, so that in some cases the surface is 
so thickly strewn with dirt and rubbish, that the ice can 
scarcely be seen through it. All this burden is carried 
slowly forward by the downward movement of the glacier, 
and at last shot over the end, where it is piled up in a 
heap called a Terminal Moraine. The Terminal Moraine is 
constantly being worn and wasted by the stream which 
issues from beneath tiie snout of the glacier, and its mate- 
rials axe OTOund fine and swept down and go the way of 
other products of Atmospheric Ilenudation. 

Fig. 8 is a somewhat diagrammatised view of a glacier 
formed by the junction of the ice streams of two valleys : 
the outer lateral moraines fringe the edges, a me^al 
moraine is seen formed by the imion of the two inner 
lateral moraines : at the extremity the lateral and medial 
mv^raines are being shot over to form a terminal moraine. 
A stream rushes out from an ice-cave beneath the glacier, 
which has cut its way thrdugh the terminal moraine, so 
that only small portions of the latter remain bn each side. 
In the extreme distance we catch a glimpse of snow^clad 
hills forming part of the snowfield.^ 


* The reader who wishes to 

have in a few words a graphic 
description of glacier regions, 
should turn to Professor Geikie’s 
Primer of Physical Geography, 
p. 75. For details, see the worts 


of Agassis, Charpentier, J. 
Forbes, and the pub- 

lications of the Alpine Club ; also 
the ** Report on Ice as an Agent of 
Geological Chaise,*' Reports of 
British Association, 1869, p. 171. 
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Fig. B. — Glapier ^iTH La TEH VI., and Terminal ^Turalnes. 


ICE SHEETS* 


107 


As rivers abrade their banks and beds by the aid of the 
sediment they carry along, so glaciers wear away the 
bottoms and sides of the valleys along which they flow. 
8tones fall through the fissures or crevasses which traverse 
the ice, or are 2 )ieked up from the bed of the gbxcier, and 
get firmly frozen into its base. The under surface is thus 
converted into a g^eat rasp, which giinds the rocks over 
which the glacier passes, and wears them down into the 
finest and most impalpable mud. The stream below the 
ghicier carries this on, and rushes out from beneath tlie 
end largely charged with mud ground so fine as to be 
easily carried to long distances, llie gi^eat network of the 
tributaries of the liliine for instance is formed oi streams 
draining the northern flank of the Swiss Alps, tlie fine 
glacial mud brought down by them is carried on by the 
river, and out of its settlings the flat lands of Holland have 
boon in great measure formed. 

Continental Xce-eheete. — In Arctic or Antai'ctic regions, 
where the conditions for the accumulation of large masses 
of snow and ice are present, the ice is not confined to the 
valleys, but the whole land becomes cased in a widespread 
sheet of it, which wraps everything in one unbroken cov cit- 
ing from the highest ground down to the sea level. The 
best known case of this sort is that of Greenland ; the 
interior of this country, wherever an attempt has }>('cn 
made to penetrate into it, has been found to be buried in 
ice, and it is probable that the ice-sheet stretches without 
break over the whole land. In some parts the frozen mass 
reaches quite down to the coast, and terminates in an abrupt 
wall, not unconmionly from one to three thousand feet 
high, and sixty miles or more in length. Elsewhere strings 
of liills stand up, like islands, between the interior ice and 
the sea, and in tlio valleys and fiords, which separate these 
detached masses of bore land, the ie© passes out to sea in 
great glaciers.* 

Just in the same way as glaciers, masses of continental 
ice are always slowly moving from tlie interior to the coast, 
whence they continue their motion over the sea bottom tall 
the water is deep enough to buoy the end up : hiigh masses 
then break ofl and float away as icebergs. IceW'gs are 
also formed by portions, which tumble into the water from 

* See tbe works of Pr. Kane nal of Boyal Geographical So* 
and Dr. Hayes ; Dr, Brown, dety, xriii. 145. For the Ant- 
Qnart. loom. Geological Soc. of arctic Regions, see Sir J, Boss’s 
London, xxvL 671 ; Rink, Joor- Voyages* 
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the wall in which the ice-sheet sometimes terminates. Just 
as in the case of glaciers too continental ice-sheets grind 
the surface of the ground, over which they pass, into fine 
mud, and discharge large quantities of it oy subglacial 
streams directly into the sea. But it also seems likely that 
huge ice masses, such as we are now considering, will grind 
and tear up the ground underneath them to a much larger 
extent than even the largest valley glacier can do, and that 
there will be thus formed beneath them a great mass of 
stones and dirt. To this the name of Moraine Profonde or 
Grirndmorane is given. This pell-mell assemblage will 
be pushed to and fro by the moving ice, and if it be driven 
into a valley or sheltered recess, tlie ice-sheet may ride over 
it, and disturb it no further, and there it may remain, and 
if any improvement in climate cause the ice to disappear, it 
will furnish a proof of the former presence of an ice-sheet 
long after the latter has ceased to exist.^ 

K any peaks of bare rock rise above tbe surface of a 
sheet of continental ice, moraines will be formed on the 
latter, just as they are formed on glaciers, and carried down 
to the coast. Icebergs boai* away portions of this moraine 
matter, and also stones from the moraine profonde frozen 
into their base, and drop their burden as they melt. In 
this way rubbish, and large unrounded blocks of rock, are 
deposited on the sea bottom for away from the source from 
wmch they were derived. 

Coast Ico, — Ice also does important work as a carrier of 
denuded matter, in the shape of coast ice and ground ice. 
In high latitudes it often happens, that, from the melting of 
snow on the shore, the water adjoining the land betiomes 
freshened far enough to allow of its freezing at a higher 
temperature than the body of tbe sea, and a belt of ice, 
known as coast iae or ** the ice foot,” is formed along the 
shore. On to this fringe of ice debris rolls down from the 
land, and shingle gets frozen into its under surface. The 
coast ice is lifted and at last detached by the rise and fall 
of the tide, and portions of it with their load of detritus 
float away, and drop what they carry as they melt. 

Chronnd Xoe. — Ice known as ground ice ” or ** ondior 
ice ” forms sometimes, in a way not perfectly understood, 
at the bottoms of lakes and rivers while the rest of the 
water remains unfrozen. Pebbles and other loose matters 
ore frozen into the under surface of this sort of ice, and 
lifted by it and floated away when it rises to the surface, 

* J. Gkikie, The Great loo Age, chape* vi. and vii. 
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4. — Action of Wind. 

The share which wind takes in the work of denudation, 
though not veiy large, ou^ht not to be entirely overlooked. 
Its effects are best seen m those isolated blocks or pin- 
nacles which often rise from the surface of a country com- 
posed of coarse sandstone. These are very frequently 
undercut or worn away below, taking the shape of anvils 
or one-legged tables — 

Shapes 

The sport of nature, aided by blind chance, 

Bndely to mock the toiling works of man.* 

In these cases we find the surrounding ground strewn with 
coarse sand produced by the decomposition of the rock 



Fig. 9. — UNDSRcrrr Tablx of Gkitbtonx, 


below. This sand the wind drives against anything that 
stands up above the surface and grinds it away, but as the 
wind can lift the sand only a short distance from the 
ground, the wearing is confined to the lower poStion of the 
obstacles. Fig, 9 is an instance of one of these undercut 
rocks : in this case probably the process has been helped 
by the coping-stone being harder than the beds below, out 
plenty of cases occur where pillars of rock of equal hard- 
ness throughout are hollowed out underneath in exactly 
the same way. Similar forms are very common in Granite. 


• Wordsworth. 
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Eocks weathered in this way are frequently mistaken for 

Dmidical Remains,” 

In deserts, and other large sandy tracts, the drifting of 
sand by the winds grinds and wears rooks that stand in its 
way, and produces very remarkable polished surfaces and 
scratches upon them, not unlike those due to the action of 
moving ice. * 

By processes like these no inconsiderable amount of rock 
is worn away. 

Denudation of this sort is sometimes called JEolian. 

Wind also acts as a transporting agent ; sand and dust, 
and any loose matters produced by the weathering of rocks, 
are swept by it into running water or the sea : but perhaps 
the most important work it does in this way is by trans* 
porting the light ashes thrown up by volcanoes ; these are 
carried by it to vast distances ; if they fall on the land, they 
are ready to be swept further on by rain and rivers ; or 
they may fall directly into the sea : in either ease they 
furnish materials for subaqueous strata. 

Wind also aids the sea and other large bodies of water 
in the work of denudation by causing waves and unusually 
high tides. In this way they are enabled to act more 
energetically in the destruction of their coasts and banks, 
and the rush back of the pounded-up water, when the 
gale abates, sweeps before it with more than usual force 
the stuff which the storm has brought dowm. 

5, — Oroajtic DjENimiNG Agekts. 

The help given by plants and animals towmxis denuda- 
tion, thcmgh not very important, calls for a passing notice. 

Burrowing animals, such as rabbits and moles, under- 
mine the ground, give passage to rain, and so weaken 
the surface and render it an easier prey to other denuding 
forces. The matter they tlirow out is ready to be carried 
away by rain ; in tliis respe(jt even so insignificant a crea- 
ture as the earthworm has been thought worthy of being 
noticed by geolc^sts. Marine boring-shells and land- 
snails bring about the destruction of limestone to a small 
but appreciable extent. 

Trees destroy rocks mechanically by forcing down their 
roots into crevices and so splitting off portions : but plants 
do their most important denu<Hng work indirectly; by 
their decay th^ furnish Carbonic Acid to water and thus 
enable it to dissolve Limestone. Professor Ansted men- 
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tions cases of holes drilled in this way to great depths, 
iind sometimes right through blocks of Limestoiie, each 
liole oontaining the stem of a plant which by supplying 
C'arbonic Acid to water had been able to work through the 
rock as otfecituaUy as a boring-drill. 

General View of Sxjbaerial Denudation. 

Such then are the main subaerial denuding agencies, and 
the ways in which they each individually do their work j let 
UH next see what is the result of the joint action of all. 

The first step in the process of subaerial denudation is 
the formation of soil. 

Formation of Soil. — Actual bare rock is a thing not 
often seen at the surface ; in a vast majority of cases what 
we first come to on breaking up the ground is a layer of soil. 
This is almost universally case in fiat countries, very 
generally so in hiUy ones, and it is only in mountainous 
tracts that we find any widespread exceptions to the rule.^ 
Now it is in most cases easy to see that this coating of 
soil does not consist of matter brought from a distance 
and spread over the solid ruck beneath, but that it is 
nothing more than the upper portion of tliat rock itself, 
broken up and converted into sand, clay, or some other 
incoherent material. Various subaerial denuding agents 
have worked together to produce tliis result. Kaiu has 
softened and in some cases decomposed chemically the con- 
stituent minerals of the rock ; frost has shivered it ; the 
heat of the sun and other atmospheric agencies have dried, 
cracked, and pulverised parts of it : the roots of trees and 
perhaps burrowing animals have had some share in break- 
ing it up; by these, and such like forces, any exposed 
surface of rock is incessantly being attacked until a portion 
of 't is converted into loose soil. The natural planes of 
division, known as joints and cleavage, by which rocks 
are traversed, aid materially in tliis work of destruction. 
They allow of the percolation of water into the body of 
the rocks, and are planes of weakness along which frei^ure 
is readily produced. 

On exposed mountainous countries the light matters 
thus formed are washed away by rain, or rou down the 

♦ This statement is not strictly bonate of lime is dissolved by the 
true of limestone oountries, which rain-water and carried away in 
show always a tendency to a bare solution, 
rocky surtace, because the oar- 
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hillsides by their own weight as fast as they arise, and 
therefore in such situations the rock is constantly kept 
bare in spite of the attempts made by subaerial denuding 
agents to bury it in its own debris : in countries less hilly, 
and with a smaller rainfall, the process of removal goes on 
to a smaller extent ; whUe in flat countries, w^here the fall 
of the ground is small, and the carrying powder of water 
running over it is little or nothing, soil forms faster tlian 
it can be carried away, and the solid rock is eveiy^whero 
de^ly buried in its own ruins. 

These accumulations of rain-borne decomposed rock go 
by the general term of Rain-wash ; ” they may be distin- 
guished (1) by their materials being strictly local in their 
origin, (2) by their stones, if they contain any, being not 
water-wom, but angular, or at most showing only so much 
rounding as might be produced by the chemical dissolu- 
tion of their angles and edges. Deposits of rain-wash of 
various kinds occur in the soiitli of ^gland.^ 

Deposits of this class are also very largely developed in 
Spain, in the flatter parts of which we may travel for hun- 
dreds of miles without seeing a bit of rock except in the 
deepest railways cuttings ; so tliat from a general point of 
view the country may be said to present only two physical 
features, broad plains of rain-wash and mountainous 
Sierras. The causes of this are twofold : the large and 
violent rain-fall, and the great extremes of temperature 
which often prevail, give rise to rock-disintegration on a 
large scale, and the plateau-Kke form of the ground pre- 
vents the debris so formed from being carried away. 

The surface disintegration of rocks is nowhere better 
shown than in the case of Granite and some Traps, In 
Granite, this is due mainly to the atmospheric decomposi- 
tion of the Felspar, and in this way the rock is often 
reduced to a mass of loose fragments, which can be 
shovelled out with a spade to a very considerable depth, t 
A large tract of coimtiy round Ma<Hd, which is cohmred 
on some geological . majis as Diluvium, is covered by 
decom]X)sed Granite, in which it is easy to pick out bits of 
the rock only partially disintegrated. In the same w^ay 
some diorites weather down to loose earth, in which are 
embedded concretionary nodules that have been hard 

• See Goodwin Austin, Quart. t Bee De la Beche, Geological 
Jonm. of the GeoL Soc., vi. 94, Obeeiver, pp. 3, 4* 
vii, 121 ; Foster Topley, 
ditto, xxi. 446. ^ 
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onougK to reeiet decomposition ; and tlie whole has so 
exactly the look of the aceumulation of sand and houlders 
formed by a mountain torrent, that it might woU be 
mistaken for a mass of water-worn mateiials. 

Bemoval of Soil from higher to lower XieTels. — ^We 
must now advance a step fuither; only a portion of the 
disintegrated ro<h remains to form soil : in some cases we 
liave seen it is sw^ept away us fast as it forms, and, 
even Avben the rate of h^rmation is grejit(T than that of 
removal, stmie part of the loose matter is constantly nu>\Ting 
onwaixls. 8ooiier or later the pro<lu(‘ts of surf actt weather- 
ing find their wa}' into a brook, and are sw'cpt forward by 
it, either in siis]>ension or by rolling along the bottom, till 
the briK)k joins a larger stream, along which they travel till 
the stream falls into a river, and along tliis they cuiitintie 
tlu'ir coiu'se till the river is lost in tht) sea. 

At the same time thesf^ transport(‘d materials enable tlie 
Walter of the streams, which by themselves have little or 
no abrading nower, to wear and grind the banks betw een 
w hich they flow, and thus to add to tlie amount already 
being carried downwards by theni. 

The sum total of transported matter is also sw'ollen by 
salts and other substances (iissolv<*d by rain in its course 
over the ground, brought up from below in solution by 
s[>rings, or taken up by the w'aters of the river itself in its 
passage over soluble rocks. The amount of these dieinically 
dissolved subsbinces is farfiwi iucoiisiderable: thus Pi*o- 
fessor Ilamsay tells us that the Thamt^s carries every year 
into the sea 33,497 tons of matter (chiefly Carbonate of 
liiiii<Oiii solution ; and this, if prwipitated and com})rassi^d 
into Limestone, woxild form a bed a yard tliick and more 
than seven acres in extent. 

The above are the principal steps in the process by 
which water in its liqmd state transports the products of 
subaerial denudation CK>ntinually from higher to lower 
levels. The share w’hich it contributes to the w-ork, in its 
solid shape as ice, fails next to 1)6 considered. We have 
seen that the streams w^hich issue from beneath the snouts 
of glaciers are largely charged wdth sediment ali'eady 
ground so fine that it is at once carried forw^ards. The 
i^oarser matters shot over to form the terminal moraine are 
attacked by various subaerial denuding agents, in the end 
ground fine enough to be moved, and tlxen are carried 
aw^. 

^^ere glaciers or masses of continental ice come down 

1 
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to the sea level, the streams beneath them discharge directly 
into the sea large quantities of finely comminuted mud ; 
and the icebergs which break off from them carry away 
coarse materials and large unrounded blocks of rocks, and 
dei)osit them far away from the sx>ot8 from which they were 
derived. 

In a word, the surface of the ground is constantly acted 
on by a number of agencies, wliich all work together to 
wear and break it up : the loose matters so produced are 
earned downwards, and at the same time added to, by 
moving water either in a liquid or a solid state, till they at 
last come to rest at the bottom of large bodies of still 
water. This chain of events, all intimately connected with 
one another, constitutes the of subaerhil denuda- 

tion. 

6. — Marine DENa^OATioN. 

The sea to a vciy^ large extent only finishes work begun 
for it by subaerial demiding agents. 

The coarser stuff brought into it by rivers is tossed to 
and fro by the tides, till* it is ground fine enough to allow 
of its being swept aw’ay altogether. In the case of a coast 
l)Ounde<l by cliffs, the ex|)ansion of frozen water, the un- 
dermining caused by tlie outbreak of springs, or the 
unequal yielding to the weather of beds of different hard- 
ness, and other similar causes, break off and throw down 
large masses, and the sea coinj^lett^s the work by grinding 
tliese into mud, shingle, or sand, and then by the aid of 
tides and currents sweej^ing them away. 

But the sea majy^ also claim a certain amount of the 
denuding work which it effects as entirely its own. In tlie 
same way as the sediment carried by running waters enables 
them to grind away their banks, tlie sea uses the boulders 
and shingle of the beach as instruments for the destruction 
of its cliffy shores. Waves, rolling in from open ocean 
spaces and driven forward by gales of wind, have force 
fmough to lift and hurl against anytliing that comes in 
their way enormous masses. By this means the loose 
blocks, that fringe in heaps rocky shores, are dashtnl w illi 
feariiil violence against the cliffs, and by this incesgaiit 
pounding and battering fresh portions are from time to 
time brought dowm, to be used in their turn as instruments 
for further destruction. 

Thus the fact that the coast rocks are hard so far from 
jirotecting them from the encroachments of the sea, makes 
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them in some measure a more certain prey to its wearinp^ 
action, for the harder the rock is, the more destructive will 
be the ammunition furnished by its ruins. Where the 
coast is comjiosed of soft rcKiks, it is eaten into all the 
more easily ; its destruction is incessant, and the advance 
of tlio sea becomes rapid enough to be obvious even to the 
most casual observer. 

It must be noted that the destructive action of the sea 
is conhuod almost entirely to the belt between high and 
low waler mark. Witliin that space the rise and fall of 
the tides and the force of tho breakers grind down any 
loose matter ex])Os(‘d to their action. These agencies 
however ec^ase to have any etfert on a bottom covered by 
u moderate depth of water, and hence rery nearly all the 
nudiny work of the sea in Coauf Denudation. The drifting of 
rough sediment over the bottom by under-currents may 
produce some abrasion, but its amount cannot be very 
large.* 

KelatdTe Importance of Snbaerial and Marine 
Denudation. — W^e may here note that marine denuding 
agents, such for instance as the beating of the waves on 
an exposed rocky coast, are far more striking and a2>peal 
far more forcibly to the imagination than the slow and 
almost insensible action of subaerial denuding for(‘es. 
The latter, partly because they are so cx)mmon, partly 
bmjause tlieu' action is so gentle, and partly because the,y 
o|>erate so slowly that their results are inappreciable unless 
they are very ctirefuUy measured or observed over a long 
period of time, are apt to be overlooked, and indeed were 
for a long time, if not act ually overlooked, yet denied tlieir 
true importance by geologists. It is now ho weaver very 
generally recognisod tliat they perform by far the larger 
pan of the dcmudation that is going on before our eyen, 
and they have at last had their true place gi^anted them in 
the roll of denuding forces, a place to which Hutton long 
ago pointwl out that tliey were ^mtitlcd. 

It seems almost past belief that the importance of sub- 
aerial denudation should have been so long overlooked, 
and that trutlis so simple and apparently so self-evident as 
those, of which we have just given an abstract., should not 
have forced themselves on the notice of geologists from tlie 

For Marine Denudation, see The Scene^ of Scotland viev^ed 
, !ir« Princiidea, vol, i. chaps. in oonnection with its Physicul 
AK. and xxi. ; De la Beebe's Geo- Geologyi chap. iii. 
logical Observer, sec. v. ; Geikie^ 
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very first birth of the science. The explanation hovrover 
is easy enough, and furnishes so useful a lesson to the 
would-be cultivator, not only of geology, but of any 
other science, that it is worth calling attention to it. Men 
failed to see these obvious truths simply because they did 
not look for them ; because, instead of going forth and 
marking Nature, tliey amused tliemselves with weaving 
ingenious conceits, in arm-chairs at home, Hutton was 
the first clearly to enunciate the laws of denudation, which 
he had leained by observation ; the summary of one of his 
chapters is worth quoting: “Whether we examine the 
mountain or the plain ; whether we consider the degrada- 
tion of rocks or of the softer strata of the earth ; whether 
we contemplate Nature and the operation of time upon the 
shores of the sea or in the middle of the (iontinent, in 
fertile countries or in barren deserts, we shall find tlie 
evidence of a general dissolution on the surface of the 
earth, and of decay among the hard and solid bodies of 
the globe.’’ Playfair puts it more tersely thus: “The 
consequence of so many minute, but indefatigable agents, 
all working together, and having gravity in their favour, is 
a system of universal decjay and degradation, wliich may 
be traced over the whole surface of the land, from thf^ 
mountain-top to the sea-shore.” 

Another useful lesson may be learned from this bit of 
the histoiy of Geology. It is now nearly eighty yearn 
since the Theory of the Earth was published, and it is 
only quite lately that geologists have come to rtc*oguise tlu^ 
truth of its tea(3hing. So slow are men, even when the 
right road is pointed out to th(»m, to leave a groove w^hich 
they have been for a long time following.* 

♦ Id connection with the sub- say, The Physical Geography 
ject of Denudation, the student and Geology ot England and 
will do well to read. Theory of Wales ; A, Geikie, The Scenery 
the Earth, Part I. chap, i, sec. and Geology of Scotland; A 

w ^ V }: » fitreng, den Kreielauf der 

Playfairs Illustrations m.; fetoiVe in der Nato. Leonhard 
Smpes of Central and Geinita; Jahibuch, 1873 , 

Fiance, 2 nd ed., chap, ix, ; Ham- p, 33^ 



CIIAPTEE IV. 

WSAT JiECOM£S OF TUB WASTE PJiODTICED AND 
a ABET ED OFF BY DEN UD AT JON. — THE METHOD OF 
FORMATION OF BEDDED BOCKS, AND SOME STRXIC^ 
TUBES IMFBESSED ON THEM AFTER THEJB FOBMA- 
TION 

The Rhone by Lemnn’s ’waters washed. 

When mingled and yet sej»arate appears 

The river from the all bluely dashed 
Through the serene and placid trlassy deep, 

That tain would lull her river-child to sleep . 

Byron. 

SECTION I.~MATTER MECHANICALLY CAERIEI). 

H aving now passed in review tlie various agencies 
which at all times and in all places are at work 
breaking up the surface of the earth, and having con- 
vinced ourselves that the larger paH of the waste which 
results from their action finds its way sooner or later into 
running waters, and is carried on by them in their down- 
ward course, our next task is to inquire what happens to 
the matters thus swept away when the streams wliieli hear 
them filong are lost in bodies of still water, such as the sea 
or a large lake ; and we w'iil begin with the mechanically 
traiisported matters, those namely whicii are carried in 
suspension, and those wdiich are swept along the bottom, 
Vnhen the velocity of the stream is by degrees checked, 
and at last destroyed altogether, it can no longer beiir 
along its burden, the stuff that has been rolled Song the 
bottom comes to rest, and the sediment held in suspension 
sinks down. 

But the suspended matters will not fall all together : there 
win generally be some of them heavier than others, 
somjB coarse and others more finely divided* Ix^ng after 
the current has ceased to be able to hold up the heavy and 
coarse part, it may retain velocity enough to cariy forward 
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the light and more finely divided, and the latter will travel 
much farther than the former from the mouth of the river 
before ihey reach the bottom. 

ArraagemeiLt ofMechanical IDeposits according to 
Siae and Weight. — In any large body of water, then, fed 
by running streams, we should find deposits on ^e bottom 
arranged somewhat in the following order. 

Fringing the coast, and especially facing the mouths of 
the rivers, there will be a belt of banks of coarse pebbly 
materials. In the case of lakes or tideless seas these may 
stretch out ^for a considerable distance, for when the water 
has been sliallowed for some way out by the foimation of 
a bank of shingle, pebbles may be rolled on in the shallow 
water on the top of the bank and shot over the end, and 
the front in this way be continually pushed forward. Along 
the shore of the open ocean no broad accumulation of 
shingle can take place, for tlie pebbles are always being 
ground fine, and swept out to sea by the rise and fall of 
the tides and the beating of the breakers. 

When these shingle-banks can be formed, they will 
evidently be thickest on the shore side, and thin away in a 
wedge-shaped form as we advance into deeper water. 

Beyond the shingle-banks, and resting on their thin 
edges, there will be other banks of a similar shape, but 
formed of materials a little less coarse : and because the 
components of these can be home rather further tlian the 
coarsest shingle before they come to rest, these banks will 
not thin away quite so rapidly, and will form wedges with 
angles more acute than those of the banks next the shore. 

In this way as we leave the shore we shall find the 
deposits becoming less and less coai*se, and anunged in 
w^ges getting more and more acute, till at last their 
upper and under stirfaces become approximately parallij, 
and they take the shape of beds, or strata. 

The lightest and most finely divided matters will suik 
very slowly through the water and travel far before thoy 
reach the bottom, and will come to rt^st in layers or 
laminm, which keep nearly the same thickness over large 
areas. 

▲rrangament of KCeclumioal Deposits according 
to Vinsml Composition. — Besides these difierences in 
arrang^ent there will also be a difference in the mineral 
composition of the deposits fringing the shore and tjhose 
remote from it. 

The sediment carried down mechanically by running 
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w ater consists mainly of two kinds, sandy or siliceous, 
and clayey or argillaceous. Now quartz, of w hicli sand is 
composed, is very hard, and will stand a great deal of 
weAr and tear before it gets ground fine ; hence the coarser 
deposits will be mainly sandy, Olay, on the other hand, 
is soft, and easily worn down into the finest impalpable 
mud ; hence the finer deposits will be mainly cla3^ey. 

Therefore we shall find, as a rule, that near the shore 
wedge-shaped hanks of coarse^ sandy materials prevail, while 
further out regularly bedded layers of fine clay cover tlie 
bottom. 

This order will not be wdthout interruption, because 
during floods the coarser materials wdll be cai’ried further 
out tlian usual, and so wedges of sand w^ill come to be 
iuterlea'^'od among the evenly bedded clays ; and in the 
same way, when the rivers are low, clayey dej)osits will 
be form^ in the sandy region : still uj>on tlie whole the 
general arrangement of the deposits will be such as has 
been describ^jd. 

Finally, if the ocean be large enough, there will be a 
limit, beyond which no river-borne sediment will be carried, 
and no mechanical deposit formed on the sea bed. These 
regions however, as shall see further on, will not be 
w'itliout d6i)08it8, for in them madne animals build up 
great masses of pure Limestone. 

General Arrangement of Mechanical Deposits. — 
In Fig, 10 an attempt is made to show diagrammatically the 
aiTangement of mechanically formed deposits. The dark 
part is the solid rock forming the land and the sea bed ; 
the straight lino the sea level. Looking at the lower and 
therefore first-formed accumulations of sediment, we see 
close to the shore a bank of largo pebbles with a steep 
face seawards ; beyond this there follow other banks, the 
first of pebbles not so large as on the bank nearest the 
shore, the next of coarse sand, the next of finer sand, and 
80 on : and the seaward faces of aH these banks get l(.‘ss 
steep as we leave the shore. Beyond the finer mud 
stretches out in thin layers, becoming more and more 
nearly horizontal as we get out to sea. After these beds 
had been laid down, the streams ceased for a while to 
have the power to carry coarse sediment, and could not 
bear even fine mud as far as before: consequently the 
latter sank down nearer the shore, filling up ihe hollows 
between the banks, and levelling over their uneven sui^face. 
Subsequently coarse matters were again brought into the 
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irater, and a range of banks similar to those in the lower 
part of the section were piled up 
on the top of the layers of mud, 
while finer dej»osits again began 
to accumulate in the remoter parte 
of the ocoan. In the diagram the 
transitions are, for the sake of dis-' 
u tinetness, made abrupt ; but iu 
% Nature the passage from shingle 
3 J to sand, and from sand to mud, 
S j>:* would be mxich more gradual, 
f 5 and, as the material grew finer, 
J almost insensible. 

^ , In the crust of the earth we 
g ^ meet with roc^ks which, except that 
^ they are harder an<i bountl more 
® firmly together, bear the closest 
g ^ resemblance to tlie accumulations 

2 J that have just been described, 
p I Conglomerates are composed of 
^ 2 exactly the same mateiials as the 

1 ^ shingle of the beach and littonil 
5 I zone; Sandstones of all degrees 

3 "S of coarseness find a parallel in 
^ submarine sandbanks ; there are 

J sandy shaleH, which are mixtures 
^ 'S of line sand and mud ; and the 

2 J* finely laminated argillaceous shale 
I I coiresponds exactly to the evenly 
S bedded deposits of small silt and 
% mud. And among these rcx^ks we 
^ find also just the same arrange- 
^ mont as has been described in 

the last few pages. In the great 
^ . masses of pebbly Sandstone, os 
1 in shingle-banks, the pebbles are 
M found to grow smaller and smaller 
as we trace the rock in a certain 
dxrcH?tion, and at last disappear 
altogether, so that the bed passes 
insensibly into a rough gritstone, 
this again still further on merges 
into a finer Sandstone, and per- 
haps ai last is found to tail out 
altogether in a wedge-shaped form, and to be replaced 
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by depoBits of more regularly bedded hardened Bandy mud, 
and tlieBe in turn shade off into more purely clayey mud.’*^ 
Wo also hud alternations of sandy and clayey rocks, 
corresponding to the alternations of banks of sand with 
deposits of mud, which are now being produced by varia- 
tions in the transporting power of currents. 

8ome sulistancos remain suspended in water not so much 
on account of tlioir low speeilic gravity as in virtue of their 
fonn. One of the (vjmmonost of these is Mica. The thin 
lamiuas into whicli this mineral splits, present a broad 
surface to the water and give rise to an amount of resist- 
fUKJC to sinking very largo in comparison with their weight ; 
lienee they settle dovm very slowly and regularly. In this 
way the surfactes of the beds of regularly stratified deposits 
are thickly flecked over wHith little spangles of this mineral. 
SandstoTiOB and shales of this character are very common, 
and are called Micammn SandntoneH and IShde^, That Mica 
does behave in the way described is found out in the 
wasliing of China Clay : owing to the way in wliich th<j 
u'ater holds up its tliin x>lates, it is the most difficult im- 
purity to get rid of. 

We ’will now exiunine a little more in detail the nature 
and (haracti‘ristic8 of deposits fomnal near the shore. 

Horizontal Chrowth of Coarse Deposits. — In a sc^a, 
which deepens rapiilly, coarse dejiosits will be confined to a 
licit fringing the coast : but in a large area of shallow 
water they may extend over a niuch wider space : for, as 
soon as a belt of banks such as we have described has 
fonued along the shoi*o, the water above is rendered 
shallow enough to allow of coarse materials being rolled 
over their tops, and shot over their seaward faces ; and in 
tliis way the front of the bank will be always moving from 
the shore, and the deposit extended as far as the water 
continues sufficiently shallow. 

Vertical Growth of Coarse Deposits. — But we have 
yet to account for the existence of deposits, evidently 
formed in shallow water, and yet of great thickness. For 
instance in the Coalheld of South Wales rocks certainly 
subaqueous, but none of which can have been deposited hi 
deep w ater, are piled one on the other to a tlaekuoss of 
ten thousand feet. 

We shall me hy-and-by that tlio surface of the globe 
is never at rest, that portions are rising and others sinking, 


For m instance, scu Quitrt. Joum. Gool. Soc., xx. 265—267. 



122 


OEOLOGT* 


and that these changes of level have been going on through- 
out aU past time. Now suppose the bed of a shallow sea to 
be sinking, say at the rate of a foot in a century, and also 
that in the same time one foot of sediment is laid down all 
over the bottom ; then, since tlie accumulation of sediment 
fills up the water at exactly the same rate as the sinking 
would deepen it if no deposition were going on, it is clear 
that the depth will always remain the same, and that the 
conditions necessary for the accumulation of shallow-water 
deposits will always be preserved ; and with such an adjust- 
ment any thickness whatever of such deposits may be 
obtained. 

Wherever then we find a great thickness of beds, which 
must have been formed in shallow water, we know at 
once that during their deposition the sea bed must have 
been sinking at about the same rate as they were accu- 
mulating. 




Fig. 11. Fobjcatxok or CvKRBin Beubiko 


Xhriffc or Current Bedding. — We may now look a 
little more closely at the way in w^hich the materials of the 
banks of coarse sediment are arranged. In Fig. 11, i» 
the surface of the water, and CD tne front of one of these 
banks in course of formation. From A U) C the water is 
shallow enough to allow the current to retain velocity siif- 
ficient to roll sand or pebbles along the bottom, but in the 
deep water beyond V this velocity becomes suddenly 
checked and their further progress arrested. The coarse 
matters are therefore shot over the edge of the bank, and 
arrange themselves in a little sloping layer, CDJEF: by 
this means the extent of shallow wat^r will be a little 
increased, and miother eloping layer added above CD* 
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And so the process goes on, till in the end a hank is formed 
made up of thin sloping layers all dipping in the direction in 
which the current is moving. 

If a cnrrent with a diiferent direction pass over the same 
spot, another hank will he piled up, composed like the first 
of thin sloping layers, hut with its layers dipping towards 
a different quarter. 

By a repetition of this process we shall obtain a deposit 
made up of wedge-8hax>e(l bt3ds, eauk of which is traversed 



Fig. 12.— UuAa»Y IK CvKKENX-iiiii>i)4.D Kock. 


hy smaller planes of division crossing the main liiu^s of 
bedding obliquely. 

Such a structure is called False-bedding, Cross-bedding, 
Current-bedding, or Drift-bedding ; an exam|>lo of it is 
^von in Fig. 12. Book possessing this structure is some- 
times called ** Eddy Bock’* by quarr^mcn and weU-siukors. 


AC EC 



Fig. 13 (a). 


Bipple-drifb • — ^Let us next consider what will happen 
on a sea-bottom on which a current is forming ripple-marks. 
The shape of the bottom is such as is show n in Fig. 13^, 
the arrow being the direction of the current, and each 
ripple having a long ^ntle slope on the side from which 
the current comes, and a steej)er slope on the opx^osite side* 
If no sediment is being brought into the winter, the current 
wiU roll sand up each ^ntle slope, and the latter will fall 
down over the steep slopes, and the only thing that wili 
happen will be a general movement of the ripples in the 
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direction of the arrow. But if sand be sinking through 
the water, it will, as it falls on the gentle slopes, be rolled 
up them and over their edge, and fall down in a layer 
over each of the steep fronts, AB, CD, EF^ as in Fig. 135. 
In this way the steep fronts will alw^aya be added to, tOl at 
last the old surface, AB CBEFGj will be effaced by the 
filling in of the hollows ABC^ CJ)Ej EFQ^ and a new 



Fig. 13 (5). 


rippled marked surface, aAhCcEd, formed above it, 
Fig. 1 *\e. By continuing tliis we shall at last arrive at a 
rock like that shown in Fig. 1 3(f . This structure is called 
Eipple-drift.^’^ Both Current-bedding and Eipple-drift 
are common in rocks which have been formed in shalluw 



Fig. 13 {c). 


water : indeed it is scarcely possible to find a sandstone 
which does not show one or the other to a greater or less 
degree. 



Fig, 13 (rf). 


Contemporaneous Erosion. — ^Another cause of great 
irregularity in the bedding of shallow water deposits is 
the erosion of part of one bed by a current before the bed 
next al>ove was laid down. A good ease is shown in Fig. 14. 
Here the evenly bedded mud in the lower ]r>art of the sec- 
tion was once continuous throughout: but a hollow has 
been cut out in it by a current or river, and then sand 

♦ See H. C. Sorbv, Edinburgh Series, vole. lii. p. 112, iv. p. 317> 
New PhUoeophical Journal, New v. p. 273, viL p. 226. 
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roHod in and the hollow filled up with it : mud and sand 
are now both compacted into hard Shale and Sandstone. 
Cases of this sort are of very common occurrence in beds of 
Coal, when they are Imown as Bock Faults ’’ or ‘^Horses/’ 
What is now Coal was originally a sort of peat-bog : by some 
change in physical geography a river has been turned 
across the bog and cut out in it a channel, and this has 
aft<?rward8 been filled in by drifted sand now hardened 
into Sandstone.^ 

Bipple-marby ZUdn-drops, Snn-craoks, and Jlnimal 
Tracks. — We may here notice one or two appearances 
which present themselves alike dn the deposits now form- 
ing on the shores of seas or lakes, and in rocks which 
were laid down long ago und€*r similar circumstances. If 
we walk over a sandy beach laid dry by the fall of the 
tide, we often find the sxirface of the sand marked with 
a ripjdcd pattern, like that produced on water ruffled with 



Pig. 14. — Ck}XTBvroB4Nvou6 EttoaioN. 

« SluUa wliiob h i« beea i>ar ly cnt aw^iy. 
h l^dstooe aiUng up the koUow m (a). 


a gentle wind. This is known as ** Bipple ’’ or “ Current- 
mark,” and is due to a w^aveliko motion set up in the 
somi-fiuid wet sand of the sea-bottom by currents passing 
over it. A shower of rain also pits over the sand with little 
JioUows ; and, when the wet groimd is dried by the sun, 
i1 cracks and ojsms into small fissures ; also the beach is 
often thickly stamped over with buiTows and coil-shaped 
ejections of wonns and the tracks of crustaceans and other 
marine animals. Birds and animals frequenting the mar- 
gin of water also leave their footprints on the soft beac^h. 
Himiliir markings are formed on the muddy bcfttoms of 
lakes, when the water has sunk below its us\ial level 
through long drought. 

Ripple-marks and some of the animal tracks can be 

♦ Bee the Geology of the Bouth ri. 215 ; and for erosion, oontem- 
Btttffordshire CoiUheld (Memoirs poraneows with the formation of a 
of the Geological Surrey), pp. 46, set of beds, on a iar^r scale, 
61; Boddl^ Transactiona Geo- Quart. Joum. Geologioid Booiety, 
logioal Society, Second Series, vol. xrii. p. 457. 
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formed under water, ns well as on spots altera at ely diy and 
overflowed : they will generally however indicate water of 
no great depth, because the curronts, which cause the 
fonner, are commoner and more powerful in shallow than 
in deep water.* 

Bain-drops and sun-cracks however can arise only on 
surfaces diy, but still soft from recent submergence. 
They may occur between tidal limits ; but, when we find 
them extending over an area too broad to allow this to 
he the case, they must have been formed in inland bodies 
of water, which were periodically laid dry and afterwards 
refilled. 

When these markings have boon produced, the return of 
the water often spreads over them a layer of sand or mud, 
which seals them up and preserves them. 

All these markings are common enough on the suriaees 
of beds of Sandstones and other rcKjks of shallow water 
foraiation : and on the under surfacie of the overlring bed 
a cast appears in relief of the patterns on the bod below. 

Summary of Characteristics of Shallow Water 
Deposits. — The deposits then formed near the shore or in 
shallow water wiD be usually coarse and frequently sandy ; 
thf?y will be very (diangeable in grain and composition, and 
liable to thin away rapidly in wedge-shaped foniis : they 
will be current- and ripple-driftea, and show signs of 
erosion and subsequemt filling up of the hollows so pro- 
duced : and tlifar suriaces will be ripple-marked, sun- 
cracked, pitted until rain-drops, and traversed by the tracks 
of aquatic animals, and tlie footprints of wading birds 
and coast-haunting creatures. 

Oeneral Character of Deposits of finely divided 
Matter. — On the other hand we find the very opposite 
characters to prevail in those acimmulations of fine mud, 
the materials of which can be swept out far from shore, 
which sink down very slowly, aiid oidy reacli the bottom 
after prolonged suspension. Such beds will be uniform in 
composition over large areas, and will be arranged in layers 
of regular tliieknese : traces of emrrent-bedding, contem])o- 
ran(^ous erosion, ripple-marks, sun-cracks, rain-drops, and 
tracks of marine animals will generally be wanting in thmu. 

No better instance of this contrast can be found than in 
the Oolitic rocks of England. This group consists in the 

♦ It slated that ripple-marks — {f>elesse, Lithologie du Toad 
h^«ve been detected on a muddy des Mers, p. 111), 
bottom at a depth of 188 metres. 
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main of three groat masses of Clay partied by thick bands of 
iSandstone and sandy Limestone. The latter are very 
variable in composition and thickness from place to place, 
and tlieir lesser subdivisions often thin away altogether, 
and then after a space set in again. The days, on the 
other hand, stretch in unbroken belts across the island. 
Even day beds however, wo have seen, in 8j)ite of their 
greater constancy, must, like all mechanically fonned de- 
posits, (X)me to an end somewhere; and accordingly the 
day hands of the Oolites, strikingly persistent as they 
are, are not absolutely invariahlo in thickness and compo- 
sition ; they have all one or more spots of maximum thick- 
ness, and, as we depart frf>m those, they tail away gra- 
dually, and in some cases show us, by becoming sandy and 
by a decrease in their tliickness, that we are ajiproaching 
the coast line of the old sea in which they were formed. 

Deposits, which, though of shallow water origin, are 
produced by currents too feeble to carry an>i,hing but 
finely dirided matter, will be marked by regularity of be<l- 
ding, but may show ripple-mai‘ks and other characteristics 
of shore formations, 

Stratificatioii, and TMolmess of Bods. — The sub- 
division of these regularly bedded deposits into layers, 
beds, or strata, is owing to pauses in the supply of 
sediment : whenever these occur, each bed has time to 
harden a little before the bed next in succession is laid 
down, and a plane of division between the two is former]. 
Hence we see, that, if the supply is constant, the thickness 
of the layers wiU depend upon the lengths of the intervals 
between successive pauses. If the supply be continuous, a 
vast thickness may be accumulated without any bedded 
structure whatever ; this is an extreme case that is but little 
likely to ocicur. It happens however not unfrequently, 
that tlie intervals of intemijition ore so short, that only an 
impeirect degree of bedding can be established; clays de- 
posited under those ciroumstanoes often apjiear quite 
devoid of stratification, but when weathered or baked, the 
bedded structure shows itself. On the other hand, where 
the interruptions to tlie supply of sediment recur after short 
intervals, tiiere is scarcely any limit to the excessive thin- 
ness to which the beds may be reduced. If we examine 
the muddy flats that fringe larp^e tidal estuaries, we shall 
find them covered \^dth a deposit known as Wcurp, a tough 
clay which readily splits up into layers no thicker than a 
sheet of paper. It is fonned in this way. At each high 
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tide the flat is flooded by water charged with finely divided 
niud or sand : during the period of still water before the 
tom the sediment sinks down and is spread out in a ver\^ 
tiiin film over the surface ; and each film so fomed is dried 
and hai-dened by evaporation, when the ground is laid dry 
at low water, before another film is laid upon it by the next 
advance of the tide. 

Parallel between Modem Bedded Deposits and 
Stratified Bocks. — Tlie examples we have giv<ui show 
tliat deposits now fomdng out of sediment earned by run- 
ning streams into large bo<lit« of still water must ntx^es- 
saiily be an*anged in layers or beds. We have alrf‘ady 
seen that a bedded arrangement of an (‘xattiy siniilar 
character is met with almost tiniversally in ojic large clasH 
of the rocks of tlie earth’s crust. This close resciu blame 
ill structHr(.‘ is one good reason for beli^-ving that the con- 
clusion airived at in a particular instance ut the hc^ginning 
of Chapter ITT., is true generally for the stratified rocks of 
the earth’s cnist ; and tliat they have been fonaed by oxa<,*tly 
the same process as is now giving rise to bedded deposits. 
The other jxjints of resemblance betuofui the two are so 
close and numerous, that, as one after the other ])ros(uits 
itself to our notice, the inference gradutilly gatluTS strength, 
and grows into positive conviction, that an exjdanatiou 
Bupiiorted by such a body of evidence must be wirrect. 

SECTION IT.-MATTEE CATllUEI) IN BOLr'nON AND 
THKOWN l)(JV>rS hX PltECIlTTATION. 

We have now to ttim our attention to the matter brought 
down by running water in solution. 

One way in which this dissolved matter is extracted anti 
serves to form deposits is by^ precipitation. 

Any solvent, sinh as water, can disstilve only a certain 
quantity of the substances soluble in it. If by any mtmns, 
such as evaporation, the dissolving agent is earned away, 
the pr6|)ortiou of dissolved matter inci'cases, and the solu- 
tion is said to become coficmtrnUd, When thi.s has gone 
on till the solution holds as much as ever the solvent can 
dissolve, it is said to be $aturated. If more of the solvent 
is removed, some of tlie dissolved matter is thrown down 
or precipitated. Precipitation is brought ubotit in sevc^ral 
ways. 

XeaM by wMeh P^eeipitaidoiL is brougkt about. 

— A substance, like Common Salt, soluble in pure water, 



PEECIPITATION. 


129 


can be tlirown down by evaporation alone. If water is 
carried away by tliis means faster than it is supplied, the 
solution grows more and more concentrated, becomes at 
length saturated, and then precipitation follows. This is 
now taking place in the weat Balt Lake of Utah: all 
around this water there are the traces of old shore lines 
that show it was once much larger than it is now, it is 
shrinking because evaporation goes on faster than'" suj)ply, 
and consequently it is saturated, and precipitation is forming 
deposits of Eock Salt on its bed.* 

Again there are matters which are not soluble in 
pure water, but which can be dissolved in water charged 
with certain substances. In such cases, if the solvent 
is removtHl, the matter dissolved by its aid is precipitated. 
Water, for instance, impregnated with Carbonic Acid 
can dissolve Carbonate of Lime; but when it both loses 
(carbonic Acid and becomes itself reduced in bulk by 
evaj)oration, the Carbonate of lime is precipitated. This 
process goes on to some extent with every spring in Lime- 
stone districts, and very largely in the case of those springs 
which rise from a considerable de2)th. While sliielded 
from evaporation during their underground course, there 
is no opportiuiity for precipitation ; but direciily the air is 
gained, or the pressure is in any way lessened, Carbonate 
of Lime is thrown down. The deposits formed in this way 
are called Travertin or Calcareous Tufa, and the springs 
from which they arise Petrif^dng, or more correctly En- 
crusting, Springs, because anything placed in them is 
coated over with Travertin. This is also the oiigin of those 
long bodies, known as Stalactites, whi(jh hang from the 
roofs of Limestone caverns ; of the lumps of Carbonate of 
Lime, called Stalagmites, which rise from their floor ; and 
of the sheets of tho same substance, wliich coat their 
walls. Stalactites may be often seen hanging beneath 
bridges, the Carbonate of Lime of which they are formed 
liaving been extracted by percolating water from tho 
morfcajr.f 

Another cause of precipitation is decrease of tempera- 
ture, Thus tho Geysers of Iceland hold in solution large 
qi^tities of Silica: when the water escapes and cools, 
tills is thrown down and forms a rock called Siliceous 
Sinter. Similar phenomena on a still larger scale are met 

♦ Sir W. Dilke, Greater Britain,*' i. ISC. 

t Katore, x* 

K 
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with in the Yellowstone National Park of the United 
States.^ 

Among the rocks of the earth’s crust there are some 
which have evidently been formed by one or other of these 
methods of precipitation. It is only in this m- ay that we 
could obtain great beds of Rock Salt, such for instance 
as those of Cheshue, Saltzburg, and Wieliczka. 

Some Limestones too have all the characters of Traver- 
tine, they are porous and still friable arid retain traces 
of plants, shells, and other remains, which have been 
encrusted by deposition of Carbonate of Lime from solu- 
tion. There are also calcareous beds with a finely banded 
structure, which seems to have been given them by the 
precipitation of very thin layers of Carbonate of Lime one 
upon the other. 

The same structure is met with in siHceous deposits 
which must have been formed from solution, both on 
account of tlieir great purity and also because they consist 
of Silica which has the specific ^avity and other cha- 
racters of the precipitated form of that mineral. 

When two or more comjK)und substances are held in 
solution together, chemical reactions often take place, the 
(xnnpound substances are decomposed and new combina- 
tions formed out of their elements, and so when precipita- 
tion comcjs about, the bodies throvni down are ^together 
different from those originally dissolved. Thus ^m a 
saturated solution of Carbonate of Lime and Sulphate of 
Magnesia, the substances precipitated may be Magnesian 
Inmestone and Gy7)sum or Sulphate of Lime. Both these 
rocks enter into the formation of the earth’s crust, and it 
is a very significant fact and very ranch in favour of their 
having been formed by some such reaction as that lust 
described that they are constantly found together.! 
shall return to this subject in the next chapter. 

Conditioiis necessary Ibr COiemical foeoipitatihil^r— 
We must next inquire under what drcmnstances < 
precipitation, such as we have described, can take j 
The first requisite is a miurated solution. Now it is ; 

♦ Nature, vol. vi. pp. 397, 437 ; 1863, p. It i» however 

Ihjporte of the United States OeoL poiMithle that, in some esasoe where 
Survey of the Tenritoriee, 1871, bolomit© and Gypetim occur to- 
p. 100, 1873, pp. 50 — 67. aether, the tot may have been 

t See Sterry Hunt, Sillixnan^s formed by the alteration of the 
Joum., 2nd eer., xxviii. 170, 365; second : See BiachofTe Chemical 
Geology of Canada, Keport up to Geology, L 420. 
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highest degree improbable, we mi^t almost say impos- 
sible, that the waters of a large open ocean can ever be 
saturated with the substances brought down into them by 
solution. The amount carried in this way is, we have seen, 
very large, and while water and whatever it holds in solution 
are both of them constantly pouring in, the former alone 
is removed by evaporation, and the proportion of dissolved 
matter, if tliei’o be no cause which extracts and removes it, 
is constantly on the increase. But on th() other hand the 
bulk of the water through which this dissolved matter is 
to bo distributed is enormous, and though the degree of 
concentration must increase as time goes on, a very long 
time indeed must elapse before anything like saturation 
can lie arrived at ; and, long before this time has gone by, 
some one of those changes in physical geography, which 
are always going on, will come in to iter the circum- 
stances of the case. But it is altogether different with 
inland bodies of water of moderate size: in their case 
tliere is the same machinery at work tending to produce 
concentration, and owing to the much smaller mass of 
water ac^ted u|K)n saturation will bo reached in a shorter 
time. In lakes, wliich have an outlet, if the discharge is 
sluggish, the evapoi*ation vigorous, and the incoming 
streams j)OwerfuUy charged, a state of saturation wwry 
ensue and chemical precipitates be formed; but where 
there is no outlet, it is evident that the solution mvst grow 
more and more concentrated tiU this takes place. 

For similar reasons all closed bodies of water, even if 
originally fresh, must become salt in time, because their 
feeders bring in water plus dissolved matter, and evapora- 
tion incessantly removes the first and leaves the second 
behind to accumulate. The Dead Sea for instance may 
have been once as fresh as tlie Ijake of Tiberias \ we 
know that in the case of the former water has been for a 
long time bac,k drawn off by evax>oration faster than it is 
poured in, because there is proof that Uhe lake was once 
much bigger than it is now, and the result h^ been a 
concentration of dissolved matter in it till its present 
intense saltness was arrived at, From the Lake of 
Tiberias, on the other hand, water runs out as fast as it 
runs in, and hence it remains perfectly fresh. 

Whenever then we find among the rocks of the earth’s 
crust de|)osits, like Eock Salt, which can have been pro- 
duced only by precipitation, we have proof that these 
deposits were formed not in tlie open ocean, but in inland 
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bodies of water, and the probability is very strong indeed 
that these bodies had no outlet. 

ChemicaJly formed rooks very generally possess a crys- 
talline structure : and this is one of the exceptions, which 
the student was told to expect, to the generalisation that 
bedded rocks are non-ciystadine. 


SECTION ni.---I)ISSOLVED MATTERS EXTRACTED BY 
ORGANIC AGENCY. 

We have seen how extremely improbable it is that 
chemical precipitation should go on to any extent in the 
open sea, and yet there are certain substances, which wo 
know are ^ing down day by day in solution into the 
ocean, of which scarcely a trace can be found in its waters. 
Of these Carbonate of lime furnishes the most striking 
instance : we need not repeat how largely this substance is 
dissolved and how steadily it is supplied ; it cannot be pre- 
cipitated, for the Carbonic Acid m sea water is far more 
than sufficient to keep in solution all the Carbonate of 
Lime it receives ; in spite of this there is in the waters of 
the open ocean scarcely a trace of it to be found what 
then becomes of it ? The answer is that it is extracted from 
the sea water by a host of marine animals to form the stony 
framework of their bodies and the hard dwellings in which 
they live. We will now notice some of the most important 
of these (areatures. 

yprainlnifara, — very leading part in the process 
is played by the tiny animals Imown as Forammifera. 
These creatures belong to the Protozoa or lowest sub-king- 
dom of the animal world, and consist of nothing but a 
structureless mass of live jelly: some of them have the 
power of extracting Carbonate of Lime from the water 


♦ This Is well brou|^t out by 
the following analysis of the 
water of the Clyde above Glas- 
gow, and of that of the Irish 
at the Bahama Bank light- 

Chlormo 
Solhhuric Acid 
Oarbottic Acid 
Caldam 
Magnemum . 

Sodium 
Silioa « 


ship, situate in lat. 64** 2V N., 
long, 4®irW. (Tborpe, Manual 
of Inorganic Chemistry, p. 142.) 
If we call in each case the 
amount of Chlorine IOC, we get— 

ntvm Clyde. lri»h Ssa. 

. 100 100 
95 14 

877 trace. 

218 2 
57 6*5 

85 56 

86 trace* 
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and building up out of it shells, often of the most beauti- 
fully regular structure, and in some cases divided into 
chambers. Thej^ have been found in vast numbers over 
those deep portions of the bed of the Atlantic, which are 
so remote from land that little mechanically borne sediment 
finds its way into them, and here the cases of the little 
creatures fall, after the death of their inhabitants, to the 
bottom, and form a layer of metily calcareous mud, to 
which the name Atlantic or Beep Sea Ooze has boon given,* 

Now if Chalk be rubbed down with a brush under water 
and the resulting powder be examined under a microscope, 
the parti(des will be found to be almost all of them shells 
of Foraminifera, some of which are scarcely, if at all, dis- 
tinguishable from those which go to make up the modem 
Atlantic Ooze. In other Limestones, liarder and more 
(iompact than Clialk, similar shells occur in equal abundance. 
All su(ih rocks, there can be no doubt, whatever be their 
present character, have been once nothing more than accu- 
mulations of Deep Bea Ooze. 

A Foraminiferous shell of larger size, known by the 
name of Nummulite, was at one time extremely abundant, 
and immense masses of limestone occur in many parts of 
the world, which are almost wholly composed of individuals 
of this genus. 

Coral. — Anpther class of animals, a little higher in the 
scale than the Foraminifera, which extract Carbonate of 
Lime from sea water, are the Coral-building Polyps. Some 
of these, like the common Bed Coral of commerce, form 
only detached branching structures ; but others, of which 
the Brain Coral or Madreiwre may be taken as a type, live 
together in great bodies and build up immense masses of 
soud rock-l&e Coral, It is with these latter, which are 
called Beef -builders, that we are chiefly concerned, 

E#^f-building Corals require water of a temperature not 
below 68*" F., they can flourish only in water free from mud 
or sediment, and some of them seem to ^ on best when 
they are exposed to the constant dash of the breakers ; and 
they cannot live at a greater depth than about 15 fathoms. f 


♦ The Depths of the Sea (Pro- 
fessor WyviUe Thomsonb and 
the references there to the litera- 
ture of the aubjeot 
t It has been sog^^aeted that 
temperature is the mam cause in 
fixing the limit below which reef- 


building Corals cannot live j \ 

certain ciroumstaaces then they 
may be able to live below tms 
iitnit. Dana however thinlm 
that temperature cannot be the 
oxfiy detemintng cause (Oorale 
and Coral Islands, p. 118 ). 
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The young germs of Coral polyps are free swimming, 
and we will now consider what would happen, if a colony of 
them settled down and developed into fixed full-grown 
individuals, on a shelving shore where the above conations 
are satisfied. 

As the animals grew and multipHod a layer of Coral 
would spread over the sea bed ; and as tlie individual 
polyps increase very rapidly, the reef would grow steadily 
upwards. In the immediate neighbourhood of the shore 
the water would be too muddy to suit the Coral builders ; 
hero then no Coral would be formed, and the reef would be 
separated from the land by a fdiannel of water. Wherever 
a river entered the sea, the mud brought down by it would 
render the water uninhabitable by the Coral builders for 
some considerable distance out to sea ; hence there would 
be gaps in the reef facing the mouth of each river. Sea- 



Fig. 15. — SxcnoN ACROSS A Fringing Bbif. 

wards the Coral building would go on till the depth was 
reached below which the builders cannot live, and there 
the reef would end in a steep face. The reef will rise 
slightly towards the sea, because the builders fiourish best 
and grow fastest on the outside edge where they are 
exposed to the wash of the breakers. 

feuch a reef as this is called a Frin^g reef. A section 
through it would have somewhat the shape shown in 
Fig. 15, where AD is the sea-level, ADC the channel 
between the reef and the shore, and DDE the reef itself. 

Next suppose that the country of which Fig. 15 is a sec- 
tion sinks downwards so that the sea level rises gradually 
to the positions A^ A^ D^, A^ D^ in Fig. 16, and 
let the rate of sinking be not faster than the rate at 
which the Coral animals can build up their reef. Then 
the Coral will go on growing upwards and be added 
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m tier above tier, such as ^ J?, -Di A 1)^ JD^y 
No growth can take place on tne seaward 
side of the reef, because the water is too deep ; and a space 
between it and the land wili be kept free from Coral, partly 
by the muddiness of the water, and partly by the scour of 
the current, which is produced by the washing of waves 
over the top of the reef and the escape of the water through 
its openings. Thus will be produced a mighty wall of 
Coral rock, separated from the land by a deep and broad 
channel, and boimded on the seaward side by a face ahnost 
vortical and of enormous height. Such a reef is called a 
Barrier reef. There is such a reef fronting the north-east 
coast of Australia, 1,250 miles long, from 10 to 90 miles 
broad, and with a sea front exceeding in some places 1,800 
feet in heiglit : the channel between it and the sea is from 
20 to 70 miles wide. A better idea of its size than mere 



Fig. 16..— SicfrioN aceoss a Barrxbe Reef. 


figures will give, will be conveyed by the consideration, that 
such a reef would reach from the Land’s End along the 
shores of the British Isles up to and beyond Iceland, 

Barrier reefs ai*o breached every now and then by 
opening^ and time alwayB face valleys on the Imd frmting the 
reef. They are in fact the gaps which were originally 
established in the earlier form of the Fringing reef, and 
have been kept open by the scour of the tide and currents. 

One more form of Coral reef, by far the most singular 
of all, remains to be described. 

Imagine an island surrounded by a Frinmug reef to be 
slowly submerged, so that the Fringing reef becomes con- 
verted into a Barrier reef. As the sinking goes on, the 
amount of land above the water grows less and less, while 
the endroling girdle of Coral keeps ^wing upwards. At 
length the last peak disappears below the sea level, and 
there remains only a ring of Coral enclosing a lagoon. 
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Borne of the old breaches in the original reef occasionally 
remain open and yield an entrance from the oj)en sea into 
the lagoon. Such reefs are called Atolls or Coral Islands : 
they are plentiful in the Pacific and Indian Oceans, and vary 
in size from less than a mile up to 80 miles in their longest 
diameter. 

Fig. 17 is a diagrammatic section and Fig. 18 a of 
an atoll. 

In the first the block part represents the original island, 
Ai Z)j, A^ the levels of the sea at diSerent times 

during the submergence, and the successive additions of 
Coral rock are denoted in the same way as in Fig. 16. 

The shape of the encircling Coral belt de|)end8 of course 
on that of the land on wliich it is based, and hence atolls are 
annular, triangular, many-sided, and ev(»n of more com- 
plicated forms. The openings into the lagoon are often 



Fig. 17.— Sbction AciioBg am Atoll. 

closed, and the lagoon itself filled up by Coral growth or 
accumulations of fragments, powder, or mud worn off the 
reef and driven inwards by the breakers. 

The sketches in Figs. 15—17 are mere diagrams, an d 
do not show either the details or the true proportions of a 
bamer reef or atoll : these will be learned from Fig. 1 9, 
which is a section more nearly to scale aaross the rim of a 
reef. 

a 5 is a platform nearly at low-tide level, called by Dana 
the shore platform, almost flat, but rising slightly towards 
the sea^w^ edge. Towards ihe open ocean the water for 
from KWfo 500 yards (a to m) deepens slowly, and there is 
then an abrupt descent at angles varying fran 40® up to 
absolute vertieality. At h there is a sharp rise of from six 
to right feet, which brings us on the portion of the reef ( J c) 
which is permanently above water ; c4 ha gentiy sloping 
beach homering the lagoon or inner channel ; and from d 
the surfece passes down, gently at first and then more 
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Fig. 13 . — View of an Atoll. 
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steeply, beneath the waters of the latter. Over a m there 
are various Coral growths going on, which will be niore 
specially noticed shortly. 

Coral reefs are composed of pure Carbonate of Lime, and 
therefore the Coral builders provide the materials for the 
formation of Limestone in plentiful abundance. In some 
cases these masses are preserved and form rocks in their 
original reef-like form. If a shelving beach, on which 
fringing reefs are growing, be slowly upheaved, the Coral 
raised out of the w^ater w^ill die ; but on the seaward side 
of the reef a fresh belt of water will be rendered shallow 
enough for the Coral builders to live in it, and the reef will 
continue to grow outwards. This has taken place on the 
j>eninsula of Florida, which shows ranks of Coral reef, one 
witliin the other, raised successively by gradual upheaval. 

Again curious structures are often produced by the 
growth of detached masses of Coral in regions of shallow 
water outside a reef or in the lagoon or channel within. 
8uch are shown in Fig. 19, rising in slender pillars almost 
up to the surface of the water, when they spread out into 
large tabular masses. Sometimes tlie heads join together 
and so enclose large cavernous recesses. The cavities 
between these brandling masses grjidually get filled in 
with debris worn by the breakers off the rfjef, and the wdiole 
bec'omes cemented by the percolation and evaporation of 
water holding Carbonate of Lime in solution into on 
extremely hard and solid rock."* 

AVe find occasionally among the older rocks of the 
earth’s crust masses of Limestone, wdiich are more or 
less made up of Corof reefs scarcely altered at aU in struc- 
ture and form from the c?ondition in which they grew ; and 
tlie examples just given enable us to realise how tliey were 
formed. Such Cor^ beds enclose sometimes the remains 
of shells, fish, and other marine animals that lived in the 
water where they grew. 

But Coral reefs are incessantly exposed to the severest 
form of marine denudation ; the beating of the breakers on 
their seaward face tears off and hurls on to the top of the 
reef huge masses of CotbI, and some of these are tliere 
rolled about and ground down into calcareous j)owder. 
Some of this comminuted matter is thrown on shore, and 
there cemented by wuter holding Carbonate of Lime in 
solution into a hard rock. Here is on instance. **Tho 
beach of this island (Heron Island) was steep, about 20 

• Dona, Corals and Coral Xslaiida> pp. 141 — 144. 
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feet liigli at low water, and 
composed partly of sand and 
partly of stone. The sand 
was very coarse, comi^osed 
wlioUy of large grains and 
small angular pieces of bro- 
ken and comminuted shells 
and corals, with some large 
worn fragments of both inter- 
mixed. The stone was of pre- 
cisely the simi© material, but 
veiy hard ; dark brown exter- . 
nally, but still white inside. 

It sometimes required two or 
three sharp blows witli a ham- 
iiKir to break off oven a comer 
of it. Its siirface was every- 
where rough, honeycombed, 
and uneven ; the beds were 
from one to two feet in thick- 
ness, 'With oc(;asioiiuIl3' in the 
tine- grained parts a tendency 
to split into dugs or slabs. 

It was perfectly jointed by 
rather zigzag joints crossing 
t^ach other at right angles, 
and sjditting the rock into 
quadriuigular blocks of from 
fine to tw'O feet in the side. 

As far as external appearance 
mid character wont, it might 
have been taken for any old 
roughly stratified rock.”* 

These foimations of beach 
Limi stone often possess the « 
structure which will shortly be 
described as Oolitic. very 
closely grained, comiiact Lime- 
stones are also formed by the 
cementing together of the 
more finely comminuted Coral 
debris. 

The wind aids the waves « 
in the work of supplying 

* Jukes, Eastern Archipelago, 
vol. i. p. 7. 



Fig. 19 .— Section acro^b tiir hiit of a Cobal-urkf. 
L It lerel of low tide. 
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materials for beach formations, carrying the finer debris on 
to the permanently diy part of the reef, where it becomes 
cemented into rock. 

But a veiy large part of the debris of Coral reefs is swept 
out to sea, and, mixed with sediment carried down from 
the land, gives rise to deposits of sandy or earthy Limestone. 
There is stuff enough in the Barrier reef of Australia to 
cover the whole bed of the Atlantic to a depth of two feet 
or so, so that the degradation of this reef alone would 
furnish the materials for an enormous bod of Limestone.^ 

Other Zdmestone-seoretiug Animals. — There are 
other limeston€?-secreting animals besides those mentioned, 
whose hard parts serve to make up beds of that rock. 
Thus some Limestones are composed of little else but the 
joints and columns of Sea-liues or Encrinites; when 
polished those form a coarse marble and are largely used 
for mantelpieces : in other cases Oyster banks or accumula- 
tions of the shells of other mollusca are compacted into 
Limestone. 

Certain seaweeds too, such as the Corallines, secrete Car- 
bonate of Lime about their tissues, and these grow so abun- 
dantly on some coasts, that, when broken up and accumu- 
lated along the shore, they make thick calcareous de2)osit8. 

Origin of pure Xdmestones and Inference ^om 
their preeence. — One most imjiortant generalisation can 
be drawn from the facts we have been just considering. 
Great masses of marine limestone are formed b}’ the inter- 
mediate agency of animals, and, as far as we know, tkvy 
can he formed in no other way. If thertdbre among the rocks 
of the earth’s crust we find such masses of limestone, they 
are in themeehee a proof of the exUience of animal life on the 
earth at the time of their formation, even though acturd remains 
of animaU may no longer he reeognhahle in them. 

Place of Xdmeatone in ^e Sea Bed. — a rule too 
limestone-secreting animals can flourish only in pure water 
free from sediment : the formation of organic limestone on a 
large scale can therefore go on only at spots so far remote from 
land that no mechcmicMy carried sedimenl finds its way to them. 
Just in the same way therefore as sandy and pebbly deposits 
l)oint to shallow water and the neighbourho^ of land, and 

♦ Otar knowledge df the method the sultject, originally pahlinhed 
of the growth of Coral Eeefs i« in the Ooologw of the Voyage of 
due to Ilaiprin, and the reader the Beagle^ and lately reprinted in 
ahoold fill in the above eketch by a eeparate volume, 
a careM study of his writings on 
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finely laminated muddy bods to a portion of the sea-bottom 
rather further from the shore, so great bodies of pure 
marine limestone show, that the spot where they occur was, 
at the time of their formation, far out at sea and frequently 
that it was in deep water. 

AnimaTg and Plants secreting Silica. — Silica is 
another substance largely carried away in solution and re- 
covered by organic agency. 

Diatoms and some creatures allied to Foraminifera (Poly- 
cystinm) form in this way siliceous shells, and the spieula? 
and framework of many sponges are composed of the same 
material. The cases and hard parts of such creatures 
accumulate on the soa-bottom after the death of their owners, 
and furnish materials for siliceous deposits of organic origin. 
In some cases a sea-bed seems to have been peopled almost 
exclusively by tiny silica-coated creatures, and in these 
cases their shells form beds of siliceous rock. Tripoli or 
Polishing Slate is the best known instance. 

In other cases the animals with silicoous coats live along- 
side calcareous Foraminifera, forming however only a 
minority of the inliabitants of the sea- bottom. The rocks, 
which have been produced under these circumstances, do 
not in many cases contain, as might be expected, Silica 
disseminated throughout their whole bulk ; as a rule, Silica 
is present to a comparatively small extent in the body of 
the rock, an(P occurs chiefly in lumps and nodules. FHnts 
in Chalk will occur to every one as an instance of this, and 
similar siliceous nodules are found almost universally in 
organic Limestones. We can only say in this case, that the 
8ilica, which must have once pervaded the whole rock, has 
been separated out and gathered together into nodules ; how 
this was done we cannot at present explain. The name 
Concretionary Action is given to the process, which vnM be 
touched on again by-and-by. 

B»ed Clay of the Atlantic. — There are some deposits, 
apparently differing in their origin from any yet described, 
which the soundings of the Ghallmger ^pedition have 
shown are now in pixKjess of formation over the very 
deepest parts of the bod of the ocean. The general results 
of these explorations of the sea-bottom ore, as far as they 
have been at present made public, as follows. 

The Atlantic or Globigerina Ooze covers, as has been 
already mentioned, very extensive tracts ; down to a depth 
of two thousand fatlioms the shells retain nearly all their 
Carbonate of Lime, and the deposit is essentiauy oalcare- 
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ous; beyond that depth this calcsireous slime gradually 
becomes more and more clayey, and passes into a deposit 
to which the explorers have given the name of Grey Ooze. 
In the Grey Ooze the shells of the Foraminifera can still 
be detected, but they have lost much of their sharpness of 
outline, assume a kind of rotten look and a brownish 
colour, and become mixed with a fine amorphous red- 
brown powder. As the deptli increases the juoportion of 
this powder grows larger and larger, the tract^s of cal- 
careous matter decrease and at last disappear altogether, 
and the deposit assumes the form of a red clay in the 
finest possible state of subdivision. The red clay is found 
to be a silicate of alumina and iron. 

The great value of this discovery from a geological point 
of view is this. We should be inclined at first sight to 
think, that this red mud is, like the clayey deposits wo 
have hitherto been- dealing with, of mechanical ongin ; 
and that it is fotind only at great depths and far from 
land, because, being very fine, it took a very long time to 
settle down ; tbat it is in fact the impalpable residue of 
river-borne sediment which remained in suspension after 
the coarser part had sunk to the bottom. But a verj^ Httlo 
consideration will show us tliat such an explanation wiU 
not fit in with the facts of the case. If this were the origin 
of the red clay, ought to be able to trace a connection 
between it and the land by whose >vcar and tear the 
materials for it were furnished ; we ought to be able to 
follow it, growling gradually coarser and aiarser, up to the 
rivers that brought these materials into the ocean. But 
no such connection exists ; the red mud occurs only over 
the deepest parts of the sca-bed, and between it and the 
land there lie broad tracts covered with Globigerina Ooze, 
and absolutely free from any trace of mechanical deposit 
whatever. Its isolation therefore proves that it did not 
come from land, and it must have arisen in some way or 
f)ther on the areas to which it is confined. How it was 
formed is still far from settled ; the passage from Globi- 
gerina Ooze through Grey Ooze into the Red Clay is bo 
insensible, that it seems highly likely that the two last 
have been formed out of the fiist by the gradual removal 
of its carbonate of lime, and Professor W3rville Thomson 
suggests this may have been brought about in the follow- 
ing manner. He believes that the Globigerina live on the 
surface, and that when they die their shells sink slowly to 
the bottom; as they pass downwards the carlnmate of 
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lime is dissolved out by the aid of the carbonic acid con- 
tained in the sea- water; the ^eater the depth through 
which they smk, the lon^r will they be expos^ to this 
action, and the more compete will be the extraction of the 
carbonate of lime; if the depth be great enough, the 
carbonate of lime will be entirely taken away, and there 
will remain only the earthy insoluble portion of the shell, 
and this he thinks is the material of which the red clay is 
composed. Whether his explanation be correct or not, the 
red clay is there, it is not a product of denudation, and it 
is in some way or other connected with the organic dejK)sits 
of the Globig(3rina Ooze, and we have learnt that clayey 
rocks may be formed by organic agency in the most remote 
and the deepest parts of the ocean. Professor Thomson 
points out the possibility of some fine homogeneous clay<* ** y 
rocks of the earth’s cinist having been formed by methods 
similar to that which is now j)roducing the red clay/ 

SECTION IV.— TERRESTRIAL DEPOSITS. 

We have now dealt with that portion of the waste of 
denudation, by far the larger part, which is carried down 
into bodies of still water, and have described the ditfeient 
ways in which it becximes arranged in bedded dejiosits. 

A certain portion however of denuded matters is a long 
time in matog its journey, and often tarries on its way, 
forming accumulations on dry land distinguished as Terres- 
trial. 

The Terrestrial deposits of the present day are far from 
being insignificant ; and now that we have found so many 
rocks that boar a dose resemblance to denuded matters 
which have been arranged under water, the question 
naturally suggests itself, whether there are any rocks 
appniaching in the same way the accumulations of the 
products of denudation on dry land. 

We cannot reasonably expect to find among the rocks 
of the earth’s crust many which cxirrespond to the 
Terrestrial deposits now going on. These accumulations 
are so liable to be broken up and carried away by a con^ 
tinuance of the denuding processes which gave rise to them, 

* See Nature, xi. 95, 116 ; xii. 1876, m which paper the reader 
174. Ako Professor Huxley, will find an admirable summary 

** On some of the Results of the of what is known on the subject 
Expedition of H .M S. CfMenffery" of organic deposits, and references 
Contemporary Review, March, to oxiginal memoirs. 
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that it is only as it were by some bappy accident that they 
survive at all the wear and tear-whida the surface is always 
undergoing, and, when they do manage to escape total 
destruction, as a rule only fragments of them are preserved. 
But we can imagine, that, if groimd is let down very gently 
beneath water, the loose matters lying on its surface may 
become submerged without being destroyed, may be covered 
up by subaqueous deposits, and may be handed down as 
the relics of a land surface that has long passed away. 

Soil and Bain-waali. — Under the present head come 
the deposits of rain-wash described in the last chapter, and 
the surface sod formed partly by the breaking up of tlie 
underlying rock and partly' by the decomposition of vege- 
table matter. 

The remains of old soils, still penetrated by the roots of 
plants that grew in them, and with the stools, and occasion- 
ally the tinnks, of trees in the position in which they grew, 
are now and then found among solid rocks. One of the 
best known cases is the “ Dirt Bed ” of the Island of Port- 
land and the adioining coast, a section of which is given in 
Fig. 20. The lowest beds (1) are Limestones proved by 
their fossds to have boon formed beneatli the sea ; on these 
tliere rests a thin band (2) of dark earth, full of angular 
fragments of the underlying limestone and contahiing the 
stools of large plants allied to the modem Cycas, witli here 
and there prostrate trunks of trees : above tliis come other 
Limestones (3), containing fossils which show them to be 
of estuarine origin. The surface is formed by a brashy 
or stony soil (4), composed partly of dark vegetable matter 
and partly of fragments of the rock (3). Now even if tlie 
plants in the band (2) did not clearly bespeak its origin, w(‘ 
could not fail to be struck by the close resemblance whick 
it bears to the present surface soil (4). There is no rounded 
or foreign stone in it, all the fragments are of the rock 
immediately beneath, it is as true a brash ” as the loose 
matter at file top of the section ; and the dark earth, in 
which the stones are embedded, is unmistakably vegetable 
soiL The roots of the plants, though their ovddonce is 
scarcely needed, furnish additional proof that we have hero 
an old land surface ; that before the deposition of the bods 
(3) the lower Limestones had been raised into the air and 
6upj)orted vegetable growth ; that partly by the decay of 
plants and partly by the atmospheric breaking up of tlio 
rock the band (2) was formed ; that the whole was tiien 
sunk beneath water in which the rocks (3) accumulated, and 
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that the suhinor^once was so gentle that the loose surface 
covering was not swept away. The lower jjortion of the 
beds (3) will be observed to be bent up over one of the 
stools, which projects above the surf ace of the “ Dirt Bed/’ 
Occasionally rivo dirt bods are seen in the section, showing 
that the process hapj^ened twice over. 

Wf‘ sliall notice still more striking instances of the pro* 
servation of old vegetable soils, when we come to consider 
the formation of Cbal, 

In some cases old soils liave been sealed up and preserved 
by sheets of lava that have flowed over them. Thus in 
Madeira Sir C. Lyeh has described red partings of laterite 
or red ochreous clay between sheets of basalt. * ‘ Those rinl 
bands vary in thh imess from a few inches to two or three 
feet, and consist sometimes of hiyers of tuff, sometimes f>f 
ancient soils derived from decomj)osed lava, both of them 
burnt to a hrick-red colour, and altered bj^ the contact of 
melted matter wliich has flowed over them.”^ Similar 
intercalations of red earth, w’hieh also probably ropres(‘nt 
old land surfawis, occur among the basalts of tlie north-east 
of Ireland and of the westt^m islands of Scotland. They 
c()nsist of bands of clay and earth, tisually only a few imhes 
in thickness, of a bright red colour, and appear to bo beds 
of soil formed by the weathering of the surface of one lava 
stream, wliich were afterwards burnt to their present colour 
when they were overwhelmed by the next sheet of lava. 
Accumulations of vegetable matter, sometimes converted 
into charcoal and sometimes fonning lignite or Coal, are 
also met witli in similar positions, and these may o<;casion- 
ally be observed to rest on a soil, in which the roots of the 
plants can still be detected.! 

Screes. — ^At the foot of cliffs, both inland and on the sea 
coast, and on steep rocky hillsides, fragments of disinte- 
grated rock accumulate in great jiiles of angular blocks, 
which are known as Screes. These are sometimes rolled by 
the waves and spread out in sheets of coarse shingly C/on- 
glomerato ; sometimes they are covered up pretty much as 
they lie and give rise to breccias. 

A capital instance of a dttjiosit which has arisen in this 
way is furnished by the Dolomitic Conglomerate of the 
sr>uth-west of England, the nature of which is shown on 
the section in Fig. 21. 

Thc^ countiy* crossed by the section is a plain of red Clays 
and Sandstones (c) in which there stand up eveiy here and 

♦ Ekmeats of Goology, Cth f Judd, Qimrt. Jonm. Omd. 
t)d., p Soo. of London, xxx. 227. 
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there isolated hills of hard lime- 
stone (a), E^^ery one of these hills 
is fringed by a bank of coarse 
Conglomerate and Breccia (^), 
made up of rounded boulders, 
pf^'bbles, and angular blocks of 
tlio Limestono (a ) ; in each case 
the Oonglomf^rate is thickest in 
the immfxliate neighbourhood of 
the I^imestone hill which it sur- 
rounds, grows thinner as Ave 
rcct*de from that hiU, and at 
icnglli wholly disappears. 

Tlie Couglomerat(*s and Clays 
are interb(*d(lcd in siicli a way 
that it is evident that tire for- 
mation of the two irmst have 
gone on together, and the stc'ps 
of the process must have been 
as follows. The «mntry was at 
one time covered by a broad 
sliecit of water, in the middle of 
which bosses of the Limestone 
{a) stood up as islands. Into 
this ’water rivers caiTied down 
red mud and sand, whi(rh fur- 
nished the materials for the beds 
(e). On the exposed surfaces of 
the islands eubacrial waste gave 
rise to an accumulation of Screes, 
at the sami^ time that the rod 
beds Avere being regularly laid 
doAvn in the surrounding water. 
After a time the land sank, and 
tlie Avater oncroaf*hccl over a por- 
tion of what had previously been 
dry land; the submerged part 
of the Screes became thus co- 
vered up by layers of red beds, 
and apj>enred as a wedge-shaped 
mass of (^>nglomerat;o inter- 
stmtified Avith the latter. By 
a rejmtition of this process the 
successive * alternations of red 
Clay and Conglomerate Avere pro- 
duced. Bound the margin of tlie 



Fig, 21 . — Suction showjno the Position of the Dolomitic Conglomerate op the South-west op England. 
n. Carhftnifer'nia Limestotie. b. Dolomitic Conglomerate. c. HeH Clays, 
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islands it would also happen that the waves would play upon 
the accumulations of debris, round its fra^ents into peb* 
hies, and sprend them out in layers of shini^ Conglomerate 
among the more quietly deposited strata of Clay. The sub- 
aerial character of these Breccias is borne out by the fact that 
they contain the bones of two genera of terrestrial reptiles.^ 

There are some curious brecoiated deposits among the 
Permian rocks of Cumberland and Westmoreland, kno^ni 
by the name of Brockrams and “ Crab Eock,” some of 
which seem to be old Scroee.f 

Blown Sand. — Another very common form of terrestrial 
accumulations is that of Blown Sand. In many cases we 
lind the seashore fringed by a belt, often of considerable 
breadtii, of hillocks or Dunes of Sand, wliich has been 
dried by the wind and blown inland from the beach. 
Similar piling up of sand goes on in large deserts and otlier 
sandy tract. s of the earth’s surface. Tliese sandy aceumula- 
ti{ms often show, when cut into, rude bedding, and the 
action of the wind produces in them structures exactly 
analogous to the curront-hedding and rip]de-driit of 
subaqueous sandstones. In some cases the .^arid is mixed 
with broken shells, and water, i)ercolating through tlie 
mass, dissolves out their Carbonate of Lime and redcp<.>sits it 
as a cement, so that a hard calcareous Sandstone is pro- 
duced. Should any of these accumulations of Bl(>^\ n Sand 
be preserved in the mfmner just described, it would be 
almost imjmssible to distinguish them from Sandstones 
formed benmth water, unless they happened to contain land 
shells or land plants in the position in which tlic^y grew'. 
It is therefore possible that some of the sandstones of the 
earth’s crust may have been originally Blown Sand. 

BocIdi of V^etable Origin. — Perhaps the most im- 
portant of terrestrial deposits are those of vegetable origin. 
There are plants, such as the peat mosses, which in cold 
temperate climates form in swampy situations and hollows 
l)ro^ and thick sheets of vegetable matter known as peat 
mosses. When the lower parts die, the upper surface uvos 
on and grows upwards, and tlie sheet of vegetable matter 
(xmtinues to increase in thickness.} The peat bogs of our 

* BelaBeche, Memoirs of the t Quart. Joum. Geol. Soc., xx, 
Geol. Survey of Great Britain, 149, 162. For another case, see 
i. 240; GeoiogiC4d Observer, p. Judd, Quart. Joum. Geol- Soc., 
650 ; Etheridge, Quart. Joum, xxx. 281, Fi^. 9, and 286. 

Geol. Soc., xxvi 174; Hnxloy, J J. Geilue, Transacte. Royal 
Ibid., 42. Soc. of Edinburgh, xxiv. 363. 
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own islands and the Great Dismal Swamp of Vir^ia are 
well-known instances of these vegetable accumulations.* 
We must now explain how such layers of dead plants have 
given rise to rocks. 

Coal. — We can readily imagine an accumulation of dead 
land plants, like a peat bog, being let down gently beneath 
water, covered up by demsits of sediment, and preserved in 
the middle of a mass of beddM sand and mud. This is now 
admitted to have been the origin of beds of Coal, the conclu- 
sion having been come to by the following line of reasoning. 

As has been already explained, it has long been allowed 
on all hands that Coal is of vegetable origin ; but at one 
time great difference of opinion existed as to how the 
vegetable matter out of which it is formed was brought 
together. Some geologists would have it that Coal was an 
accumulation of di^ plants, just as Sandstones and Shales 
are aetmmtilations of drifted sand and mud. There are 
several very strong objeciaons to this view. Many Coal 
seams extend with a lairly regular tliickness over tracts 
hundreds of square miles in area, and it is not easy to see 
how such a light matter as dead wood could be spread out 
ill even and regular layers of such groat extent. Again 
the better kinds of Coal are nearly pure vegetable matter, 
and contain only a very small poix^entage of sandy and 
cdayey admixtures, Su(?h purity of composition is hardly 
e>xplicable on the Drift theory, for the water that carried 
dc»wn the dead plants would bring also sediment, the two 
would bo inevitably mixed up together, and tlie result 
vroidd be a sort of Coal certainly, but a Coal hir more 
eartliy, and producing when burnt a far larger quantity of 
ash, than the majority of Coals in use. It is found too in 
some cases tliat the small quantity of impurity wliich Ci>al 
does contain agrees in amount and composition with the 
earthy portion of living plants. So that the whole of Coiil, 
both its carbonaceous part and its ash, may have come 
fi*om a vegetable source. 

Some other explanation had therefore to be sought for, 
and the first step in the right direction was made by Sir 
W. Logan. He pointed out that every bed of Coal rests 
on a peculiar clay, to which the name Underclay, Seat- 
earth, or Warrant is applied. These underclays vary very 
much in mineral composition and other respe^, but they 
all a^ree in two points ; they are unstratified and break up 
into irregular lumpy fragments, and they always contain a 
* Sir C. Ly^ll, Travels in Korth Amerioa, i. chap, vii 
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peculiar vegetable fossil known as Stif^aria. These Stig- 
maria are long, branching, eylindricid bodies, dotted over 
ndth regularly arranged pits or scars, from which long 
ribbon-shaped filaments run out in all directions, till the 
Olay is sometimes one thickly-matted mass of them. The 
Stigmaria lie parallel to the bedding, and their jK>sition 
and the root-like processes that spring from them suggest 
naturally the idea that they are roots. That this is really 
their character was first proved by Mr. Binney. lie 
discovered in a railway cutting near Mancho.stcr the trunk 
of a tree, very commonly found fossil in the measures 
associated with Coal and known by the name of ^igillaria, 
standing erect as it gi'ew and still connected with its roots. 
These roots were Stigmaria, and the bed into which they 
struck down was an uiiderclay. Many similar cases have 
since been observed. The mystery was now fully solved : 
the Under-clays are old terrestrial soils, and the trees and 
plants that grew' upon them, as they died and fell to the 
ground, formed a layer of nearly jmre vegetable matter : 
after a time the surface was lowered beneath wmlcT, but so 
gently that the soft pulpy mass was not disturbed, sand and 
(day were laid dowm on the top, and the band of dead plants 
was thus sealed up, j)reserved fi*om decay, and converted by 
pressure and chemienl changes into a 8(^am of Coal * 

Fig. 22 shows a b€?d of Coal and its underclay : the Coal 
has been removed in the front part of the diagram so as to 
lay bare the underclay and show the Stigmaria, 

Fig. 23 win give an idea of one of the erect tninks just 
mentioned. The beds in the upper part, of the diagram are 
Shales and Sandstones, which have accumulated round the 
trunk ; l>6neath these is a thin bed of Coal, and that rests on 
an unden^lay into which the roots strike down. 

Subaqueous €k>al.t — That most of our Coal scrams have 
had their origin in the manner described is beyond ques- 
tion, but we do occasionally meet wdth Coal wliich has been 
formed under ivater out of masses of drift timber and 
plants carried down by rivers and buried among mecbaui(;al 

♦ Steinhauer, American Phil. u. 393; Gvology of tho South 
Trau^aciions, new series, vol. i. ; Staffordshire Coalfield (Moiub. of 
Logan, Transacrioas Oeol. Soc. the Geol. Survey of England aud 
of XiO^on, 1S42; Binney, Phil. Wales), 2nd ed. p. 213, and the 

^lag., 1844, 1843, 1847 ; Quart. references in the note to p. 78. 

Joum. Geol. Soo., ii. 390, vi 17 ; t These rocks ought by good 

Ti finsactions of Manohoster Geol, r^hts to be placed under feec- 

i, 178 ; Bowman, Ibid. i. 112 ; tion I ; it is however more con- 
Biown, Quart Joum. Geol. Boc., venient to consider them hurc. 
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Fig. *22.— Coal rfstino on an Uxdekclay with Stigmauia. 
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deposits. Such Coal occurs however rather in lenticular 
patches than regular beds, and is apt to be impure from a 
mixture of earthy sediment. 

In the middle of sandstone beds too little nests of ('^oal 
often occur, which must have been formed in this way ; 



and the bark of fossil trees embedded in rock has fre* 
quently been oonrerted into very bright and pure Coal, 
Caimel yery impoiiant variety of Coal, 

known as Canned is probably of subaqueous origin. It 
invariably occurs in patches thinning away to nothing on 
ail sid#-‘8, and it seems likely that each jiatch marks the 
site of a pool or lake, in which the vegetable matter lay 
till it was macerated into a black carbonaceous pulp. 
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Many facts lend support to this view. The remains of fish 
are of constant occurrence in (^annel Coal, and they could 
not have got there unless the bed was formed beneath 
water, Beds of Cannel also pass by a gradual increase of 
earthy admixture into weU stratified blach carbonaceous 
shale ; and we can readily imagine how this would come 
about, if the stream carried at the same time mud and 
plants into a lake. The heavier sediment, stained by some 
vegetable matter, would sink down first, the lighter wood 
would fioat to ^eater distances, and thus near the mt>uth 
of the river the deposit would be mainly black mud, 
further on in the pool the proportion of vegetable matter 
would increase, and at last, when all the earthy sediment 
had been strained out, there ’would be accumulations con- 
sisting almost entirely of drifted plants, which c*outinued 
soaking would reduce to just such a pulp, as, when com- 
pacted, would furnish a Oaimel Coal. 

Partings in Coal Seams. — Thick seams of coal are very 
frequently made up of a number of difi'erent beds se])arated 
by layers or “partings’* of shale or 8aud.stone, and tlieso 
partings are very variable in thickness ; we frecpiently find 
that a parting, whitli has been a more fraction of an inch 
in thickness over a large area, swells out in a certain direc- 
tion till it becomes many feet thick. The Tliick Coal of 
South Sta:fford8hiro for instance is in tlxe centre of the field 
a mass of coal 30 feet in tliickness, and is practically a 
single seam ; even under this form, however, it is readily 
seen to be made up of a number of beds, paited from one 
another by planes of stratification, and differing in character 
and quality ; as we trace the seam northwards, partings 
come in between the beds and thicken to the north, and in 
a space of five miles the single seam of 30 feet has become 
8]dit up into ten coals, wliich, with the measures between 
them, make up a thickness of 500 

We can readily understand how partings were formed. 
When a certain thickness of vegotable matter had accumu- 
lated, it was lowered boneatli water, and mud or sand de- 
posited on the top ; but the submergence lasted only for a 
very short time — onty long enough to allow of a very thin 
layer being laid down ; then the whole was raised again 
and veg^^table growth and formation of Coal began afresh, 

Tlie thickening of a parting must have been brought 
about somewhat in the way shown in Fig. 24, The lower 

* Geology of the South Siaf- the Gi^logical Survey of Eng- 
fordsbiro (5oal Field (Mem. of land and Wales), p. 26. 
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bed of Coal was first fonmed* and tlien subinergtHl ; but tlie 
sinking gradually increased in amount from the loft to the 
right, so that the Coal was brought into the position ah ; 
then deposition of sediment levelled over the inequalities 
produced by unoq^ual subsidence up to the line c d : thou 
the whole was raised, and on the level tiow c d anothiT 
seam of Coal grow. 

Tliere are also irrt'gularities in beds of Coal whi(!}i admit 
of a somewhat diiff'rwit explanation. Lot ah, c d, in Fig. 
25, bo two level tracts, over which eoal-gi*owth is going on, 
separated by a rising boss of land on wliich little or no 
vegetation fioiirishes. Water running down the flanks of 
the rising ground will carry sediment on to the levels ou 
either side, but when it reaches the flat gi-ound tlie water 
wdll come to rest and the sediment will bo quickly thr(»wu 
dowm. Hence banks of sand or mud will form round tin* 
boss at tlie same time tliat Coal is grow in g further aw ay 
from it; but these Imnk.s will thin away ra]>idly as we 
recede from the boss, and at a little distance from it the 



Fig. 24. — DiaGIUJC to BXPI-AIK THB THrCKSNINO OP A Paktino in 
A Seam of Coal. 


growth of Coal will go on without any admixture of sediment 
with the vegetable matt(>r. The fonnation of the seam may 
be supposed to begin with th<j grow th of the layer e, w hii h 
thins awmyand ends off against the boss; then th(‘ bank of 
sand / and the layer of Coal g may be fonued at tlie same 
time ; then there may be an addition of Coal h on the top of g, 
which extends itself over the top of / up to the boss ; ou 
the top of this another sandbank may be deposited on the 
right, and more Coal grow on the left. A repetition of tide 
process will give us a thick bed of Coal free from partings 
on the left, which, as we go to the right, is split uj) by 
partings till nearly all the Coal has disappeared. The same 
result will be produced over the flat c d; and when the 
seam exjmes to oe wT>rkod, it will be found clean and good 
at a and d, but as we api^roach the middle of the diagram 
win appear to change into a mass of Shale or Sandstone con- 
taining a number of tliin layers of Coal. Cases of this sort 
are of very frequent occurrence. 
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The terrestrial deposits produced by the 
action of ice, which are very extensive and of 
g^eat importance, will he treated of in the 
next section. 

SECTION V.—DEPOSTTB OF ICE-FORMED 
DETRITUS. 

Much of the waste produced by the action 
of ice is carried to its resting-place in the 
same way as the products of other denuding 
forcfjs ; in some cases, however, ice itself acts 
as a carrier, and the a(‘Cumulations thus pro- 
diieed dilfor in many imi^ortant points irom 
any we have yet considcTod. But whether 
home away by moving ice or running water, 
the deposits duo to ico-a(;tion have so marked 
and distinctive a stamp, that they may very 
properly b(^ placed in a section by themselves. 

IHstiiictive Characters of Ice-bome 
Detritus. — ^We ’wdll first point out what the 
eliaractters are which are pwuliar to ice-bome 
detritus, and enable us to distinguish it from 
that carried by rivers. 

The latter necessarily undergoes wear and 
tear and becomes more or less rounded : also 
running tfaier cannot transport to any great 
distance blocks of large size. By means of 
moving ice on the other hand blocks of enor- 
mous size may be carried without any round- 
ing at all; by land-ice they may be borne 
away from a mountain-top across valley and 
hiU, and dropped far away from their parent 
home almost ns sharj) and angular as when 
first broken otf, and icebergs can float them 
with as little wear to still groaltT distances. 

Also the sediment carried by running water 
v'iU, when it comes to rest, be arranged to a 
certain degree according to the size and 
weight of the fragments; the heavier and 
coarser will fall down first, and the lighter 
and finer will remain longer in suspension, 
and settle down further otf from the source 
of supply. Such deposits will also be arranged 
in beds or layers. But in the case of the 
stuff shot over the end of a glacier, or 
dropped from a floating iceberg, or churned 



Fig. 2d. ^Diagram to explain the gkaoual ueflacbiient of Coal ly {Sandstone and Shale. 
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up beneath a sheet of continental ice, there will be no soi*t- 
ing of this sort : big blocks and fine earth will be hefij>ed 
pell-mell together without regard to size or weight, and the 
former, instead of sinking on to their broad sides, may 
be packed on their smaller ends or edges : there will also 
be little or nothing of bedded arrangeinent in the deposits 
formed by land ice. 

But the most easily recognised and unmistakable sign 
which ice leaves of its handiwork has yet to be pointed out. 
The stones frozen into the under surface of a mass of 
moving ice, and the stones over which it j)asses, mutually 
smooth and out inio one another. Two large stones by 
rubbing against one another become worn flat, and often 
polishe<l as thoroughly as if they had passed through a 
lapidary^s hands: the harder and sharper stones a(‘t as 
cutting tools, and grind grooves in whatever they pass 
over, rangiugin size from ruts big enough for a cart-wheel 
to run in, down to scratches as fine as the lines of a steel 
engraving. Markings like these have a pocmliar stanq) of 
their own, and no one who has once seen such can ever 
fail to recognise them again. As far as we know the like 
are made by no agent but moving ice. 

Wlxenever then W'e find a deposit containing far-travelled 
blocks of large size and but Httle rounded, the materials 
of w’liich are heaix'd togt^tlier in a confused way without 
regard to size or weight ; wdiieh sho^vs no bedded structure 
or only rude traces of bedding ; and wliicli contains polisluKl 
and scratched stones, or stones that retain tnices of f<inrif?r 
poli.shing and scratching ; wo may safely conclude that ice 
has been ooncenied in the fonnutiou of that d(‘posit, even 
though the country in which it occurs cannot now" nourish 
large masses of ice, 

TormB of Glacial Beposits. — Deposits fonnofl by the 
action of ice are called Giacijil, and may be considered 
under the following heads : Till ; Moraines ; Glacial Mud ; 
subaqueous accumulations containing the droj)pmgs of 
Icebergs or an lee Foot, which may bo distinguished as 
Boulder Clays*; Erratics; and deposits formed by the re- 
arrangement under w^ater of any of the ^^rec^eding forms, 
known as Rearranged or Modified Glacial Beds. Each 
of these fonns has certain peculiarities of its own wliich 
enable us to distinguish it from the others of its class. 

♦ This term 10 often u«ed restricted to the meaning assigned 
loosely for any form of glacial to it in the text. 
de|K>sit, It may he couveuiently 
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TiU.— TiU is a deposit of excessively tougli dense clay, 
stuck as full as it can hold of stones of ah sizes, which are 
not arranged in any order, but look as if tliey had been 
forcibly rammed in anyhow, and are mixed big and little 
indiscriminately together. Where it has to be cut tlirough, 
it is more dithcult to master than the hardest rock ; it cjan 
be neither broken nor blasted, and has to be laboriously 
worked away by spade and mattot.k. Every naw\y, who 
has to deal with it, sO(»n learns to recognise its formidable 
nature, and becomes as good a judge of wbat ought to be 
called Till as the most accomplished geologist. The stones 
are many of th<mi angular or haw their edges and angles 
slightly blunted, and a very largo pro]>orti(m of them show 
ice-scratching and polisliing. The matenals of whuii Till 
is eomjtosed are very largely d<*rived from the rock on 
which it rests or from rucks in its immediate ludglibour- 
la^iod ; thus tlie TiE of a country com]>osed of dark clayey 
rofks will be dark in colour and very stiff; Avliere the 
uiid(u‘lyiiig bi^ds are of red sandstone, the Tib will bo 
i‘eddish and lighter in character, oviug to an admixture of 
sand. 

WTierever Till is found there is always independent 
proof that the country lias bc^en (‘Overed by a sheet of 
('ontincmtal ice. ^>Vo have already seen that under such a 
slioet thoi*o is probably fonned an accumulation of clay and 
stones khowii as Moraine Profondo or Grmulmorane, and 
Till resembles exactly what we picture to ourselves that 
tliis deposit must be like. There would be weight enough 
above to give rise to the intense toughness and the close 
and irregular packing of the stones, and the scratching and 
polisliing would be produced as the mass was pushed 
hither and tliither by the fiow of the ice. Such an ex- 
planation accords also well with the local character of TEl. 

Hence, though the existence of the Moraine Profonde is 
to a certain extent hypothetical, the probability that such 
an accumulation is formed beneath large ice-sheets is so 
great, and its character, if it exist, must be so exactly that 
of Till, that nearly all geologists are now agreed to look 
upon the latter as having been fonned by the grinding 
and wearing away by an ice-sheet of tlio ground on which 
it rested. 

Another explanation of the origin of Till has lately been 
piopotinded by Mr. Goodchild (Quart. Jour. Geol. Soc., xxxi. 
75 — He tliiuks that the materials of which Glacial 
Dviposits are composed were originally embedded in tho 
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ice-sheet, and that when tJie ice molted its contents were 
gradually set free; some were merely dropj^ed, others more 
or less sorted and arranged by streams running below tlie 
ice ; and in this way he suggests many, if not all, of the 
various forms of Glacial Deposits may liave been produced 
by the one single operation of the melting of the ice. 
^Tiether we agree or not with Mr. Goodchild’s conclusions, 
his paper will probably lead us to think that the explana- 
tion of the ongin of Glacial Dejiosits is not altogotlier so 
simjde a matter as some people have supposed, and that 
there are many points connected with the subject that still 
want clearing u]). 

Though one of the distinguishing characteristics of Till 
is the preponderance of stones belonging to the immediate 
neighbourhood where it occurs, the reader must not suj)- 
pose that fragments of rock which have come from distant 
localities are altogether wanting in it. It is by no means 
uncjommon to meet with far-travelled stones in Till, but, as 
a rule, they form only a minority of its contents. Furthc^r, 
these strangers are frequently found at much higher levels 
than the rock from which they were broken off. For 
instance, the Till of the Vale of Eden contains, besides the 
rocks of the valley itself, many that have come from the 
Lake country", and €>ven a sensible proportion of stones 
that have travelled from the oi)po8ite coast of Scotland; 
and these foreign materials, with others that have come from 
the low parts of the valley, can be traced up to the summit 
of the pass of Staiiunoor.* Both the presence of stones 
from a distance and the elevation at which they occm* are 
easily accounted for. The gatlu^ring ground, from which 
the ic^e-sheet that produced the Till started, was a long way 
off, and on its journey the ice picked up samples of the 
different kinds of rocks it passed over ; these travelled on 
with the ice, eaniod on its surface or frozen into its mass, 
and were dropped wherever they were set free by melting 
or any other cause. Again, k^e-sheets we know in many 
cases pm*su© their course with but little regard to the 
shape of the ground, are driven acroHH valloys, and forced 
up the elopes of liills, and in this way it frequently haj>pens 
that the stones and boulders they carry are stranded at 
spots veiy much liigher above the sea level than the source 
fiom wliich they were derived. 

ICoraines. — Moraines resemble Till in consisting of a 

* Goodohild, Quart. Jour. Gool. Transactioiia QooL Soc., Glasgow, 
Soc,, xjtxi. 67 ; J. Geikie, iv. 236. 
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confused mass of atones and eai^th: tlie whole is jumbled 
together in a pell-mell way without regard to size, shape, 
or weight, somewhat in the same way as the heaps of 
rubbish “tipped*' to form a railway embankment. Tlie 
main 2)ointR of difference are these. In a Moraine the great 
mass of stones have ridden on the top of the ice, and 
hence, though they will be mostly sharj) and angular, but 
few wiD be polished or scratched. Moraine matter t(»o 
having beeu merely shot on to or over the end of a glacier, 
and not pressed down by the weiglit of the ice, will not 
possess the charactc^ristie denseness of Till. The external 
shape of Moraines is also peculiar: they form mounds, 
arranged in long linos along the flanks of a valley if the 
Moraine bo longitudinal, or stretching in horseshoe-shaped 
courses across a valley, if it be teniiinal. 

Both Till and Moraines agree in being perfectly unstrati- 
fied, and dilfer in this respect fi‘om the other forms of ice 
deposit. 

Glacial Mud. — From beneath every sheet of ice there 
issue streams of water loaded with an impal})able mud, 
the finer part of tlie matter ground by the ice from tlie 
ruck over which it moves. When tliis sediment is tlirowm 
doMm beneath still wat(T, it forms silty and clayty deposits 
of unusual fineness. The water into which glaci^ streams 
flow is too much ehiUed to allow of any but animals thiit 
can bear cold existing in it, and hence the fossils that 
oc^cur in these clays are northern fonus. Occasionally too 
floating, ice will drop angular stones and boulders among 
the line silt. A deposit then of very fine mud, containing 
the remains of animals that inhabit northern waters and 
angular blocks of rock, may safely be set down as having 
been fonned out of sediment deposited by streams dis- 
charged from benc^ath a sheet of ice. 

Boulder days. — Under this lioad we may include 
deposits formed beneath water, partly out of sediment 
held in suspension, and partly out of the droppings of 
floating ice. Such accumulations will be more or less 
beddoil, but they may be distinguished from those stratified 
deposits, in whose formation ice had no share, by tlie large 
angular travelled blocjks which are embedded hero and 
there in them. The beds of these deposits are often bent 
and twisted into very comiilicatecl curves. This result 
seems to have been produced partly by the stranding of 
icebergs, which, aft^er they had run aground and ploughed 
into the bottom, w^ere driven on by currents ; partly by the 
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melting of masseB of ice buried in the middle of a body of 
Boulder Clay, by which the beds above were deprived of 
support and caused to sink down into the cavity produced 
by the removal of the ice-block. 

Smtics and Perched Blocks. — We next come to 
those large blocks, often met with Ijnng on the surface, which 
are known as Eiiratics or Wandered Biones.^ When we can 
determine by any peculiarity in the rock the locality from 
which they have come» these Erratics are often found to 
have travelled far from their home, and in s])ite of their 
long journey to be angular or only very slightly rounded. 
This circumstence, lea\ing out of wnsidcu'ntion their great 
size, makes it impossible that they can liave been brought 





Fig. 26 . — Percued Block. 


by water, and ice is the only agent that (ioulcl have carried 
them. Some of them have been dropped from icebergs 
when the ground where they occur was beneath water : 
others have been carried on the back of an ice-sheet, and 
stranded when the ice melted away. The latter slto some- 
times found in positions in vrhich it seems at first sight 
quite imiw>ssible that they could have come by natural 
means, delicattdy poised on their smallor end, or balanced 
on the top of some projecting crag: these are Cfdled 
Perched Blocks. They have been gently let down into their 
present stnmge positions by the gradual molting away of 
the ice beneath them. Fig. 26 shows a Perched Block rest- 
ing on a surface of rock that has been smoothed by ice. 

* The Germans call them Fotmdlings (Findlmge). 
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Xtearrangad Glacial Beds. — ^AIl the preceding forms 
of glacial deposits are liable to be worked up and carried 
a\\'ay by denudation, and either considerably modified on 
the spot, or carried off and redeposited elsewhere. By 
such means, specially if they are transported to any dis- 
tance, glacial formations lose much of their distinctive 
character. The angular stones become rounded, the large 
boulders are broken up, and the scratcliings and polishings 
are worn off. But the peculiarities we rely upon 8is inch- 
eating a glacial origin are not always completely \\'iped out. 
indistinct tract's of ice-scratchings for instance often survive 
a good deal of wear and tear. By atteudiug to such points 
we can often determine that a deposit, though it may have 
passed tlirough various changes before it assumed its 
X)resent fomi, was originally derived from a mass of ice- 
formed d(‘bris. 

Bocks and Deposits of Glacial Origin. — ^There 
is a lai*ge body of deposits, of immense antit^uity histori- 
cally, but young compared with the mass of the rocks of 
the earth’s crust, in whose formation ice has been in one 
way or another concerned. Till wcurs abimdantly in 
Noith Britain, Scandinavia, North America, and many 
other districts, and shows that these countries were once 
buried under sheets of continental ice. The Moraines of 
vanished glaciers are plentiful in many hilly and mountain- 
ous districts from which all traces of snow are now cleared 
off eveiy summer; and evtm in those regions, likt^ the 
Alps, wliich still nourish perj^etual snow, there are Mo- 
raines w hich show that the glaciers were formerly far larger 
than now. AssociattKl wdth these indications of a former 
severity of climate are suhaqueous Boulder Clays aud 
deposits of Glacial mud. 

It is evident that all glacial formations are somewhat 
restri'^t.ed in extent, and that the terrestrial forms are very 
Hkiiy to be carried aw'ay by denudation, and we should 
not therefore expect to find very a]>uudaut traces of them 
among the older portions of the earth’s crust. Even here 
however there are Conglomerates and Breccias which there 
is every reason to look upon as consolidated Tills or 
Boulder Clays, on account of the dose resemblantte they 
hear to these deposits. 
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SECTION VI.— HOW SEDIMENT IS COMPACTED INTO 
EOCK. 

So far we have found a most perfec’t agreement, both in 
broad general character and in the minuter details of struc- 
ture, between the dejK)sit8 now forming by the action of 
denudation beneatli water or on diy land, and certain of 
the rocks of the earth’s crust. All the printupal kinds of 
the deposits that are now- forming have been passed in 
rovdew, and to every one we have been able to find a 
parallel in the class of rocks. In one respect however the 
two classes will usually be found to diifer. Modem depo- 
sits are mostly loose and incjoherent, and rocks as a rule hard 
and eoinj)act. To this statement there are many exceptions, 
but stiU it is true in so large a number of castjs, that we 
must, if we would make good the original identity of rock 
and sediment, explain how the latter can be compacted into 
the former. Any little diftieulty, that this seeming want of 
agreement may at first sight cause, will vanish, if we reflect 
that, if rocks were foraied in the way suggested, their 
formation took 2 )lace long ago, in many cases very, very 
long ago mdec«i, and if we turn over in our minds all that 
has happened to them since that date. The following are 
some of the principal causes that have had a share in the 
c*oiiversion of loose sedinxent into htird ro(*k. 

Weight of Overlying XCasses. — ^In tlio first place 
when layers of sediment have been jdaccdl one on the top 
of another till the pile reaches a great thickness, the mere 
weight of the mass must compress and harden the lo^ er 
iMxrtion. It is this lower part we see now, for the u])per 
beds have been removcKi by denudation. Tlxis cjause alone 
would account in many cases for the solidification necessaiy' 
to convert sediment into rock. 

Deposition of Cements — Masses of loose sediment are 
also traversed by percolating water, which holds in solu- 
tion substances such as Carbonate of Lime or Silica. These 
dissolved matters will, if dejjosited by evaporation or any 
other means, act as a cement and bind the loose particles 
together. 

Chemical Beactiona. — Chemical reactions too go on 
among the constituents of sediment, and produce solidifica- 
tion. It is possible for instance that some soft deposits 
may, on drying, ** set,” like mortar or plaster of Paris. 

Internal Heat. — We shall learn by-and-by that the 
interior of the earth is veiy hot, and we have already seen 
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that in many cases during the deposition of sediment the 
mass must have gone on sinking doej)er and deeper into 
the ground. In tliis way it may be brought within the range 
of this internal heat, and baked. The same prof^ess must 
go on in the neighbourhood of active volcanoes, th(mgh in 
this case the eft'ect will probably be local. This solidifying 
cause will be more fully considered under the head of 
Mutamorphism. 

Pressure. — But perha])a the most important agent in tlie 
consolidation of sediment into rock is one whoso action we 
cun only partly explain here. It will be shown by-and-by 
that beds of nitjchanically formed rock are seldom found 
ill the horizontal j>osition in which they were originally 
deposited. They have been tilted so as to lie at all angh^^s 
w ith the horizon, and, what it more espe('ially behoves us 
to notice in connei tion with our present subject, they hav<* 
often been bent and folded into the most com] moated curves.* 
A cliangt* in jiosition like the latter cjin evidently have been 
brought about by nothing but forcible lateral pressure ; and 
w^e shall also see, wlnm we (xmie to consider these <lis- 
turbanees more fully, that, at the time w'hen it was pro- 
duced, the beds were not at the surface, as we see them 
now% but were loaded above by the weight of a great thick- 
ness of overlying rock, which has since been removed by 
denudation* Now it is just these powerfully folded beds, 
which have been not only subjecited to intense lateral 
compression, but also pressed forcibly from above, that 
are the most intensely hardened. In Kussiaf and North 
America there are nnks of great antiquity, which are so 
little changed from the condition in w hich they were origi- 
nally laid down, that a very slight amount of weathering 
is enough to reduce them to their pristine state of mud, 
and which are hence called “mudstones.” But time rocks 
ham Ijen scarcely disturbed at all from the horizontal position in 
which they were formed. On the other hand there are beds, 
in the Alps for instance, immeasurably younger, wdiich 
have been solidified and even rendered crystaUine to such 
a degree, that they were for a long time assumed, in virtue 
of their intensely hardened state, to be of very remote 
date. But these rocks are invariably violently contorted. 

We may therefore lay it down as a broad general truth, 
that pressure and consolidation go together ; and that, 

* See Chapter ix. 

f Ettssia and the Ural Mountains (Sir B. I. Murchison), i 78. 
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where there is an absence of consolidation, there has been 
also an absence of pressure. Hence pressure must be looked 
upon as one of the most imjmrtant agents, perhaps the most 
important, in the conversion of loose sediment into him 
rock. 

It is also possible that pressure, when it could effect no 
fuith. mechanical compres.’on or change of position in a 
rock, may have appeared as heat, and so helped on the work 
of consolida* *on. 

These agencies are fully competent to effect the conver- 
sion of loose sediment into firm rock, and any sediments 
that were formed at b3^gon6 periods of the earth’s history 
must have been subjected to the action of one or more of 
them. The only hitch in our line of reasoning has now 
been removed, and the conclusion is ii resistible that the 
hedged rocks of the eartKs crust wei'e once of the sc ne nature 
and origin as these modern deposits, which they referable in every 
respect, except occasionally that of hardness. 

We may safely lay it down as a general rule, that, in a 
number of rocks having the same mineral c‘ompositiou, the 
oldest will probably be the most solidified; because, the 
older a rock is, the greater chance will it have had of having 
been subjected oftener and for a longer time to pressure 
and other consolidating influences. But exceptional cases, 
like the two mentioned a little way back, are numerous 
enough of rocks, on which time and its accidents hav(^ 
wrought scarcely any change whatever, and which now 
stand before us very nearly as they were spread out on the 
floor of the ocean untold ages ago. 

SECTION VII.--SOME STETJCTimES mPRESSED ON EOCKH 
AFTER THEIR FORMATION.* 

Besides the different kinds of bedding, which are a 
necessary consequence of the way in which the stratified 
rocks were formed, there are other peculiarities of struc- 
ture, which have been produced in rocks since their forma- 
tion. Three of these, Oeavage, Jointing, and Concretions 
can be understood by any one who has mastered the con- 
tents of the preceding part of this book, and may therefore 
bo conveniently treated of here. Others of the structures 

* In connection with (ho tab- tnre of large Mineral Masses/* 

ject of lliis section, ihe student Transactions Geol. Soc. London, 
wnll do well to study Professor 2nd series, iii 
JSodgwick’s papw, On the 8truo« 
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impressed on rooks subsequently to their formation will be 
explained further on. 

Structural peculiarities of this class are not confined to 
any one class of rocks, but are found in the stratified and 
unstratified alike. 

CSleaTage. — We will begin with Cleavage, because the 
cause to which it is due is that Pressure which we have 
just been talking about as one of the agents that have 
hardened rocks. 

In most cases bedded rocks split readily along the planes 
of bedding : but instances are not uncommon of rocks, which 



Fig. 27»— Clbavaob and Bbddinq. 


are evidently bedded, but which cannot be induced by any 
means to part along the planes of bedding, while they split 
readily along a number of other planes, which are often 
smooth, regular, and close together, so that the rock can 
be broken up almost without limit into thin plates or 
laminee. Booting Slate furnishes the best possible in- 
stance, and one whidi any one may verify for himself. 

This structure is called and the planes of division 

Phim of Cleamge. 

Fig. 27 is a representation of a bit of cleaved rock. 
The bands of different shade and pattern are layers of 
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different colour, hardness, and mineral composition; and 
the close resemblance which these show, when the mass oi 
the rock is studied, to layers of stnitificjition, loaves no 
doubt on the mind that these are the layers in wliich the 
rock was originally deposited. We can however no 
longer separate these layers from one another, they are 
firmly welded together.^ But a set of fine lines are seen 
crossing the face of the block ; these are the ed^s of 
planes of cleavage, and along them the roc^k splits up 
readily into thin plates, one of which is shown in the 
drawing. 

The labours of several observers have given a satisfactory 
explanation of tlie orimn of cleavage. It was noticed that 
fossils in cleaved rocSa were distorted from their natural 

shape, and that the 
- tft) («) distortion did not take 

place at random, but 
alwaj^s in tlie follow- 
ing manner: fhe^ imre 

to the planer of cleavage, 
and spread out ahng those 
planes. In Fig. 28 a, 
for instan<‘.o, we have 
Fig, 2S, — Ssonoir of Hook ebfobb S' section of a limestone 
Aif» AFTBK Olxayaob. Containing stems of mi- 

crinites, which are cylin- 
ders, and show their normal circular siKJtion ; Fig. 2B h shows 
a section of a similar limestone, which has been cleaved ; 
here the stems are flattened, and the sections of them are 
c^llipses with their longer axes parallel to the planes of 
cleavage. A microsoopical examination of thin sections of 
cleaved rock shows that the minute particles of the rock 
are flattened in a similar manner. 

These observations show-^ed that cleaved roch had been com- 
pressed in a direction perpendicular to the planes of cleavage; btit 
they did not prove that pressure was the cause of cleavage. 

Thai final step in the ar^ment was supplied by Mr. 
8orby, and afterwards by !raf. Tyndall, both of whom 
produced cleavage artificially in simdry substances by sub- 
jecting them to pressure, and found that the cleavage 

* This, though very generally, See Jukes, Heport on the Geo- 
is not universaUy the case : some logical Surrey of Kewfoutidknd, 
cleaved rocks may still be split p. 7d. 
along their planes of beddij^. 
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planes were always perpendicular to the direction of the 
j^ressure. Eveiy step in the 
argument was now complete, I 
and no doubt remained that 1 
a came of ehavage was pressure ^ 
acting at right angles to its 
planes. 

No other means of pro- 
ducing cleavage has yet been 
]iit upon, arid tlierefore we 
refer all cleavage to this 
cause. 

A study of cleavage on a 
large scale confirms this con- 
clusion. Oe^avage always 
goes along witli that bend- 
ing, folding, and puckering 
up of the rocks, whi<3h has 
been already mentioned ; and 
t is found that ilte direction of 
the platm of cleavage is ahvays 
parallel to the axes of the large 
folds into which the rocks hare 
been thrown. 

Fig. 29 is a bird’s-eye view 
of a country of contorted and 
cleaved rock terminated by a 
cliff in the foregroimd ; on the 
face of the latter we see both 
the folds of the rocks and 
also the edges of the planes 
of cleavage, which are de- 
noted by the line vertical 
lines. The trend of the cleav- 
age planes is shown across 
the country by ctontinuatione 
of these Hues, and the direc- 
tions of the axes of the folds 
by the range of the several 
bods as they come one by one 

♦ W© must not however 3o6© 
sight of the poiwihility of galvanic 
currents causing a laminated 
structure. See the experiments 
of Mr. E. W. Fox and Mr. T. 

Jordan, Beports of the Eoyal 



Polytechnic Soc. of Cornwall, 
No.‘ 6, 1837, p. 68, and No, 6, 
1838, p. 169 ; end of Mr. E. 
' Hunt, Memoirs of the Geological 
Survey of England, i. 433. 
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to the surface: and these two directions have tho same 
bearing. 

Now the pressure that produced the folding must have 
acted j)eri)eiidicular to the axes of the folds, in the dii^ec*- 
tion shown by the arrows at each side of the diagram : and 
since the axes of the folds and tho cleavage planes run 
parallel to one another, this is the same thmg as saying 
that the cleavage planes are |>er[>endicular to tho pressun*, 
to which the bending of the rocks shows them to have been 
Hubjected. 

The cleavage planes are smoother, truer, more regular, 
and closer together in finely giuined homogeneous rocks 
than in those of coarse composition. Thus in Fig. 27 tlu^ 
dotted belts are coai*se and sandy, tho tinted beds fine 
slate ; the cleavage planes when thej- enter the former 
become irregular, are sometimes deflected a little, and 
sometimes lost altogether, as in the very coarse bed at the 
bottom.* 

The student must not confound the cleavage of rocks 
with that of (crystals. The two have points of resemblance, 
so mueb 80 that it was once conjectured they miglit be duo 
to the same cause. But they are essentially different, tlie 
one being a result of mechanic*al, tlie other of molecular 
forces. 

Jointing'. — Some rocks, which go by the name of Free- 
stones, can be cut with espial ease in all dircH^tious perj>en- 
di<;ular to their jdanes of bedding ; and some of tliese are 

♦ On Cleavage, see Sedgwick, Tyndall, Pf>iL 4th aenee, 

TranHactionsGeoI, Boc. of London, voi. xii. p. 35 and 1 29 ; IJaiighton, 

2 ud aeries, vol. iii. p.479; Kogers, ditto, p. 409 ; D. Forbes, Popular 

TransactionB of the Boyal Soc. of Science Review, 1870, p. 8. It 

Edinburgh, xxi, 447 ; Baur, Kars- will be seen by reference to the 

tens u, V. Dechens, Archiv, xx. al»ove papers that the steps by 

398 ; Phillipe, Reports of British which a knowledge of the cause 

Association, 1843, p. 60 ; 1857, of cleavage was arrived at were 

p. 386 ; Darwin, Geological Oh- as follows : — First, the discovery 

nervations on South America, of the parallelism between the 

<‘hap. vi. ; Rogers, Ediubui^h strike of the beds and that of the 

New Phil. Journal, vol. xxxiii. cleavage planes; secondly, the 

p. 144; Bhaipe, Uuart. Journ. observation of the flattening of 

Oeoi ^c. of London, vol, iii. p. fossilsand particles perpendicukr 

74, vol. V. p. Ill; Phil. Trans- to the cleavage pianos; thirdly, 

actions, vol. clxii. p. 445 ; Hop* the artifleial proa action of cleav- 

kins, Cambridge Phil. Trans- age. The arrangement in the 

actions, viii. 456 ; Borby, Bdin- text has been adopted because it 

burgh, New Phil. Joiiin. voi. Iv. seemcKl to bring out the logical 

p. 137 ; PhiL Mag. 4th series, sb^ps in the train of reasoning 

vol xi. p. 20, vol xii. p. 127; better than the order of discovery. 
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so valuable, that it is desirable in working them to extract 
the blocks as near as may be of the size and shape as 
will be wanted, and so save loss in dressing. In this case 
the quarryman cuts out the pattern of his stone by picking 
out a shallow groove on a plane of bedding : into this 
groove he inserts short thick wedges, and by driving these 
down produces cracks, perpendicular to the planes of bed- 
ding, by which the block is detached, But if the only 
object is to get stone out, without being particular as to 
the size and shape of the blocks, all this trouble may be 
saved, for nature has in most cases provided crtu*ks ready 
to hand of exactly a similar kind. 

These planes of division, which are found in aU rocks 



Fig. 30. — Quauky in Juintbd Uock. 


that have been to any extent consolidated, are known as 
By means of them, and the planes of bedding if 
the rock be bedded, it is cut up into ready-made blocks, 
whose size and shape depend on the arrangement of the 
bedding and joint- jylanos. Joints are noticeable in (mar- 
ries, bettause in most cases the stone is worked off tuong 
these natural cracks, and they come to form the walls of 
tli(i excavation ; they also often form the faces of natural 
crags, cliffs, and precipices. 

Fig. 30 show's a ^larry w^here the joints ore very regular 
and conspicuous, llxe nearly horizontal lines are the edges 
of the planes of bedding. The faces, on which the light 
falls, are made by a set of joints neai'ly parallel to anotlier, 
which traverse the body of the rock with great uniformity 
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of trend ; another set of joints, also regular and parallel to 
each other, but at right angles to the first set, form the 
faces in sb .^ow, 

Jc tiding of this regular character is mostly found in 
ha^d rocks of homogeneous composition, such as Limestones 
and thickly bedded Sandstones. There are in such cases 
usually two sets, the joints of each being roughly parallel 
to one another, and tne bearing of one set is generally not 
far from perpendicular to that of the other set. As a rule 
one set is characterised by greater regulanty of diretdion, 
and by its joints being ctontinuous for longer distances, than 
the other set. The more regular set generally, in the ease 
of bedded rocks, ranges parSlel to the strike and the other 
set to the dip* of the beds. 

Joints, which keep the same direction for long distances 
and run through a great thickness of beds, are called 
* * Master Joints, 

But in many cases joints show no such symmetrical 
arrangement as that just described. They cross each other 
in all directions, change their bearing, and instead of run* 
ning through a great thickness of beds, are confined to one 
bed, or change their inclination and direction in passing 
from bed to bed. We also find frequently joints running 
in more than two directions, which cut up the rock into 
prismatic masses having a triangular or polygonal section : 
it is by joints of this character that the strilung cx>lumnar 
structure of Basalt is produced. The instances of the 
Giant Causeway and Staffa are familiar to everybody. But 
we shall return to this in Chapter YI. 

The faees of most joints are approximately jdano, but 
we occasionally find jomts with curved faces, giving ri.s<' to 
masses of rock with an outline like that of the side of a 
ship. 

Jointed structure is shown perhaps nowhere so distinctly 
as in some kinds of Coftl. If a block of f yV)al be examined, 
it will usually be found to bo divided into a number of 
lamime by pfiines parallel to the upper and under surfac^es 
of the bed: the bed splits readily along these planes, and 
the surfaces of the laminm are generally dull, soft, and 
so<^ty : but the block will also be round to be cut across by 
two other sets of parallel planes of division, perpendicular 
to the bedding, and rougluy perj>endicular to one another, 
and the surfaces of these planes are brighter and smoother 
than those of tlie laminae. The planes of one set are more 
* For an explanation of teinis, see Chapter lx. 
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reg^ular, true, and perfectly formed than those of the other 
set. In some cases these three sets of divisional planes cause 
the bed to break up into small cubical blocks of so regular 
a shape as to give one the idea that the Coal is reall}^ erys- 
tallisod, such Coal is known as Dicey Coal,” There is 
a limit however beyond wliich the subdivision cannot be 
carried, and this is not the case with truly crystallised 
substances ; and, though, may be, it is not always possible 
to say whore jointing ends and crystaUisatxon begins, it is 
safer to look upon this structure as jointing, which has 
been very completely and minutely earned out because 
the Coal is of fairly uniform composition throughout. 
The more regular sot of joints is known as **the face,” 
“slyne,” cleat,” or *‘bord;” and the other set as 
‘‘ the end.” The compass bearing of the face often 
remains exactly the same over very largo areas. This 
structure is of the utmost assistance in working Coal ; the 
main roads or gallciries are, whenever it is })ractical>l€s 
driven along the ^‘bord,” and the cross cuts whi(;h conne<?t 
them along the ** end,” the first being called ‘*bord gates,” 
the second ** endings:” in some cases it is necessary to 
drive across the ‘*face,” but such an operation involves an 
increase of labour and expemse, because the wads of the 
road are no longer formed by natuiiil planes of division, 
but have to be hewn across solid Coal. 

No very satisfactorj^' exphuiation has yet been given of 
the cause which produced jointing. In some eases pei-- 
lia]>8 joints are of the nature of shrinkage cracks, caused 
])y the contraction of the rock as it dried, hardened, or, in 
the (taso where it consolidated from a fused state, cooled; 
something in faci: like the cracks seen on the surface of 
recently dried mud, or the cracks which are so liable to 
iniin lar^e castings in metal. 

Till, force that pniducod jointing must in some cases 
have been very considerable. In some ConglomeratCH 
tlie iiardest pebldes are cut tlirough by joints, as neatly as 
if they had been sliced by a lapidary’s wheel ; and this 
occasionally occurs where the matrix has been very slightly 
consolidated. It can hardly have been contraction that 
produced these joints, for the result could have been 
brought about oidy by some force which found it easier to 
divide a pebble than to draw'^ it out of the matrix. It is 
open to question whether divisional planes of this kind 
ore not akin to cleavage, and wliether it is always possible 
to distinguish with certainty between jointing and cleavage. 
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There is also, as we have noticed in the case of Coni, 
sometimes a resemblance between very minute jointing 
and the cleavage of ci^'stalKscd substances ; the two how- 
ever may be distinguished in this way : there is no limit 
to the extent to which cleaved crystals may be again and 
again subdivided ; however small for instance may be the 
rhombohedron of Calcite we have obtniiii^ by cleaving a 
crystallised mass of that mineral, we can always break it 
up into similar smaller rhombohedrons, and we can carry 
on this process of subdivision till the resulting crystals 
cannot be recognised even by our most, powerful micro- 
scopes, and then see no reason to think we have reached a 
limit ; hut however close or numerous may be joints, we 
always arrive sooner or later, as we go on 8uL(iividing a 
jointed rock, at a piece of finite size with no more joints 
in it. Still however in some rocks, which consist largely 
of a mineral which crystallises readily, the tendency of 
that mineral to assume a definite form, may have had 
something to do with the direction of the joints, and caused 
them to arrange themselves rudely parallel to the faces of 
that form. Thus in the well-known Sandstone of Fon- 
tainebleau, which consists of Sand cemented by Carbonate 
of Lime, the tendency of the latter to (Tystallise in rhoiubo- 
hedrons has given rise to a series of joints, which divide 
the rock into rhombohodral masses having the same angles 
as the fundamental fonn of Calcite : but these masses can- 
not like the Calcite crystal be indefinitely subdivided into 
similar rhombohedrons.* 

On the subject of jointing the reader may consult the 
following papers 

SedgTtick : Transact. Gool. 6oc. of London, 2nd sor. 
vol. Hi. 461. 

Phillips : Reports of British Association, 1834, ]>. 6o4. 

,, Transact, of Oeol. 8 <kj. of London, vol. iii. p. 1. 

„ Phil. Mag. and Annals, vol. iv. p. 401. 

Hopkins : R^ort of Bntish Association, 1838, p, 78. 

Dela Beche : Geological Observer, p. 718. 

Harkness: Quart. Joum. Geol. Soc. of liondon, vol. xv., 
p. 87. 

Haughton : Phil. Transact., vol. cxlviii. p. 333. 

The Geology of North Derbyshire and the adjoining 
parts of Yorkshire (Memoirs of the Geological Survey of 
England), p. 143. 

♦ Bee Naanmim'e Lehrbtich ences; also Gages, Beports of 
der Geognosie, i. 48d, for refers Brifish Associatioii, 1868, p. 207. 
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Explanations of Sheets 114, 122, 123, and 184 of the 
maps of the Geol. Survey of Ireland. 

Concretions. — Balls, lumps, or nodules, of different 
eomiK)sition from the rocks in which they are found, are 
common in many rocks. They are quite ^stinct from the 
pebbles in c^onglomeratcs, which were, at the time of the 
foniiation of the rock, pebbles just as they are now. The 
bails we are now speaM^g of have been formed since the 
rock, in which they are embedded, was deposited : we know 
this, because in many cases the lines of bedding of the ad- 
joining rock can still be traced running through the nodide, 
as ill Fig. 31 ; and, in the case of line clayey rocks, the laininso 
do not bend up round the nodule, as would- have been the 
case if it had lain as a lump at the bottom of the water 
f i*om which the sediment was thrown down. Nodules of this 
kbid are of various shapes;* sometimes spherical, at others 



Fig. 31. — CoNcarriONS with Liner of Bedding running 

THROUGH THEM. 

of fantastic forme, but always with a rounded outline : 
s(nu(itime8 they are made up of a number of concentric 
coats, like an onion ; sometimes they have a radiated 
structure, t.^. they consisif of long slender fibres radiating 
from a common centre ; sometimes the concentric and 
radiated structures occur together. A very common form, 
known as a Septarium, shows inside cracks and cavities, 
largest towards the middle and not extending to the 
surface, filled up with a crystallised mineral. It very 
frequently happens that in the middle of a nodule there 
is a shell, plant, fish, or grain of sand : and the shape of 
this nucleus has evidently determined the external form of 
the nodule. 

The arrangement of these nodules generally boars some 
relation to the stratification, and frequently they are 
grouped along the planes of bedding, probably because 

♦ For a good group of figures, see Dana’s Manual of Geology, 
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certain beds contained the in^edients neoessar}'' for their 
formation, while otlier beds did not. 

As instances of conc-retions we may mention Flints in 
Chalk, and the balls of Iron Pjirites and of Clay-ironstone 
which are common in clayey strata. 

The fact that nodules have been formed since the depo- 
sition of tlie rocks in wliieh they are inclost^d, and that 
they have in many eases been moulded round some body 
wliicli now forms their heart, leads us to the conclusion 
that the matter of wliich tliey consist was once dissemi- 
nated tlirough the body of the ro(;k in which they occur, 
and has been aftergu ards separated out and gathered into 
balls. We can even in some cases trace to a certain 
extent the steps of the process. The early stages seem to 
be marked by i>xtended linos of flattened nodules, foiTn- 
ing broken beds : a further concentration of the segi’e- 
gated matter gave rise to lumi)8 more spherical in shape ; 
and occasionally a contraction of the interior, iifter an out- 
side solid crust had been formed, produced the cracks of 
the Septaria, in which percolating water deposited a crys- 
tallised lining.* 

There can be little doubt that the explanation just given 
of the method of gro^vih of concretions is true of (.'hulk 
Flints. From what is known about the state of the pr(^- 
sent bed of the Atlantic, it is probable tliat, side by side 
with the cal(;arooii8 Foramiiiift,‘ra, whi(di furnislied tlio 
material for the <Jhalk, there lived siliceous Foraminifera, 
*S])onges with siliceous spiculec and framework, and other 
silicn-extracting animals. The hard parts of all these 
creatures, calcareous and siliceous alike, accumulat(?d on 
the sea-bottom, and produced a calcareous mud, with which 
siliceous particles were intimately mixed: at some after 
period the siliceous element was separated out from the 
mixture and aggregated into balls, a sponge or some 
other body often famishing a centre round which the 
aggregation took place. 

It has been observed in laboratory experiments that, 
when different substances in a state of flne division are 
mechanically mixed together, certain of them do separate 
out and congregate together into nodular masses,! and 
it has been noticed that nodules are being formed in 
same way in some rocks now in the course of deposition. 
It is usual to speak of this process as Concretionary Action. 

* De la Beche, Researches in t Babbage, Economy of Mann- 
Theoretical Geology, p. 96. faotures, 2nd ed. p. 60 , 



CONCRETIONS. 


175 


Tliere is no objection to be raised to this phrase, and it, or 
some similar term, may be safely and conveniently used to 
express the fact that certain matters have been separated 
out of the body of a rock and collected together in balls, 
provided always we bear carefully in mind that, by giving 
the process a name, we do not get any nearer to xmder- 
standing the manner in which the result has been brought 
about. If any one asks us what made the nodules, we 
may, if we like, say Concretionary Action ; but if the awk- 
ward question is put, what is Concretionary Action, we 
should be somewhat puzzled for an answer. We know 
that one of the ingredients of a mixture has been extracted 
from the surroundings and gathered into lumps : how 
exactly tliis was done we don’t know. The term in fact is 
only a way of stating our ignorance ; and, unless due pre- 
caution be taken, a somewhat dangerous way, because to 
certain minds it looks like an explanation. 

Concretionary Structure in Bocks. — Eocks them- 
selves sometimes put on a concretionary structure on a 
large scale. 

A classical instance is the Magnesian Limestone of Dur- 
ham, described by Prof. Sedgudek. This rock, in the neigh- 
bourhood of Sunderland, is entirely made up of roiuided 
nodular masses, and when these are loosened by weather- 
ing, it has the look of a pile of rudely-shaped cannon-balls. 
So complete is the separation into nodules that the rock 
might be mistaken for a conglomerate, if it were not that 
the Hnes of bedding can still be traced running through 
the balls and the body of the rock alike.**^ 

Fig. 32 shows a ca«e of large concretions in Sandstone, 
where the process seems to have been imperfectly carried 
out. 

Some of the most striking instances of concretionary 
rocks occur among those which have consolidated from a 
fused state. These will be noticed under the description 
of such rocks. 

Oolitic Stnictnre. — There is another somewhat allied 
structure, which may be noticed here. 

Many rocks, especially Hmestones, axe made up of rounded 
particles varying in size from a pin’s head to a pea. There 
18 generally some little foreign body, a grain of sand or a 
fragment of shell, in the middle of each ball, round which 

♦ Sedgwick, Transactions Geol. Memoirs of the Geological Survey 
Soc. of London, 2nd series, iii. of Great Britain, i, 43, for another 
94 and 46o. See also De la Beche, instance. 
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aggregation has taken place. Such rocks, when the gra- 
nules are small, are called Oolites or Eoestones from their 
resemblance to the roe of a fish : the coarser varieties are 
called Pisolites, or Peastonos. We have already mentioned 
that this structure has been observed in Limestones now 
forming on the beaches of Coral islands out of the debris of 
Coral rock. In some cases it is possible to watch the way in 
which little grains act as nuclei, and become coated over 
with successive shells of Carbonate of Limo, and so enlarged 
into minute concretions.* In such cases the aggregation of 
the mineral goes on at the same time as the formation of 
the rock, and the concretions formed differ in their mode 
of growth from thoso in wliich the process of separation 
and aggregation took place after the formation of the rock 
was complete. 



Fig. 32. — CoKcaBTioNAKY tti’ttucriL’itE iM Sandstone. 


Secretionary ITodnles. — There is a class of nodules 
which it is desirable to distinguish from concretions, 
})ecau8e they have arisen in a different manner. Like 
some concretions they are rounded and consist of concentric 
coats ; but when they contain a hollow space inside, as is 
often the case, its walls are frequently lined with crystals 
having their vertices or bright faces turned inwardfi. Tins 
last fact shows that the formation of such nodules has 
gone on from wiihmt inwardSf whereas concentric concre- 
tions were formed in the opposite direction, by the suc(5es- 
sive growth of coat over coat from a central nucleus out- 
wards. 

Nodules of this class may be called Secretionary or 
Incretionaiy : they have been formed by the deposition of 

* Dana, Corals and Coral Islands, p. Id3. 
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mineral matter from percolating water in hollow spaces in 
rocks : the first coat was laid down on the walls of the 
cavity, upon the inner surface of this another coat was 
deposited, and so the growth of the nodule has gone on in 
the direction just mentioned. Agates are a common 
instance of this class of nodules. 


Sf 



CHAPTEB V. 

DEFIKTTION AND CLASSIFICATION OF DERIVATIVE 
ROCKS: AND HOW FROM A STUDY OF THEIR 
CHARACTERS WE CAN DETERMINE THE FHYSICAL 
QEOGRAFHY OF THE EARTH AT DIFFERENT FERIODS 
OF ITS FAST HISTORY. 

** In these shows a chrc licle 8ur\dve8.’* 

■W0EI>fiW0KTH. 

O UR task in the last chapter was to inquire how the 
waste resulting from denudation is disposed of. We 
found that by far the larger part of it is ultimately laid out 
on the floors of bodies of still water ; and that the deposits 
now forming in this manner, though they differ from one 
another in many rcKspocts, all agree in possessing a bedded 
or stratifled structure. We have already learned that a 
large (dass of the rocks of the earth* s crust are characterised 
by a like bedded arrangement. 

Here then we had one point of resemblance between 
certain rocks and deposits now in the course of formation, 
and, when we came to examine the latter more in detail, it 
was seen that the agreement between the two was not <!on- 
fined to bedding ; in fact as each kind of modem deposit 
was passed in review, we were able to point to some one or 
more of the rocks of the earth’s crust, from which it differed 
in no respect whatever, except in certain cases that of con- 
solidation. 

We were thus irresistibly led to the conclusion that 
bedded rocks were formed in exactly the same way os those 
modem deposits from which they differ in no essential 
respec*t, Ilaving now learned how bedded rocks were pro- 
duced, we can substitute for our former thi*eefoM sub- 
division of them into Arenaceous, Argillaceous, and Cal- 
careous, a more complete classiflcation, which will have 
respeef; not only to what these rocks ore made of, but to 
tlie way in which they were formed. 
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DerivatiTa Bocks and their Classidcation. — ^The 
rocks hitherto treated of owe their origin directly or indi- 
rectly to denudation, and hence they may be ail dassed 
together as ‘‘Derivative.** 

We may subdivide them, according to the manner of 
their formation, into — 

1 . Mechanically formed. 

2. Ohemically formed. 

3. Organically formed. 

The first are formed of mechanically transported sedi- 
ment : the second and third out of the matter carried down 
in solution, which is sometimes precipitated chemically, 
and sometimes extracted by the agency of animals or 
plants. 

If we look to the circumstances under which Derivative 
Bocks were formed, we may class them as follows : — 

1. Marine : formed beneath the waters of the sea. 

2. Estuarine : formed at the meeting of fresh and salt 
waters. 

3. Lacustrine : formed in inland bodies of water. 

4. Terrestrial : formed on land. 

Under the first head we shall have to distinguisli between 
Littoral deposits, or those fonned near the shore ; the 
d»3posit8 laid down on parts of the sea-bottom remote from 
land, but RtUl near enough to it to receive mechanical sedi- 
ment, which may be callod Thalassic ; and those produced 
at spots so far from land that little or no mechanically 
carried sediment fijids its way to them, which may be 
called Oceanic. 

There will be two classes of Lacustrine deposits, those 
formed in fresh, and those in salt water. 

Terrestrial deposits are formtid mainly by atmospheric 
"weathering, by wind, by vegetable growth and decay, and 
by the ac^on of ice. 

The fossil remains of animals and plants preserved in 
rocks often give a clue to the circumstances under which 
the latter were deposittjd. The study of fossils or Paltoon- 
tolo^ will form the subject of a future chapter, but we 
shall point out here the aid they give in the matter of our 
present inquiries. 

The foregoing considerations lead us to some such broad 
general classification of the Derivative Bocks as is given in 
the following table."*^ 

* Compare Geological Magazine, v. 503, 
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General Classification of Derivative Eocks- 

^ Litt&rai, Mechanical* 

Sandy and coarse. 

Yariable in horizontal range and 
irregularly bedded. 

Ex. Conglomerates and Coarse Sand- 
stones. 

Thalaasic, Mechanical, or mixed mechanical 

and organic. 

. Clayey and fine. 

A. Marine, \ Constant lor largo horizontal dis- 

tances and regularly bedded. 

Ex. Fine Sandstones, Shales, and im- 
pure Limestones. 

Oceanic. Organic. 

Calcareous. 

Often ot* great horizontal extent. 

Ex. Pure Limestone. 

Altered Organic deposits. 

Ex. Atlantic Hod Mud. 

Mechanical. 

Sandy and clayey Hocks, and im- 
pure Limestones.’ 

Irregular bedding with frequent 
changes in mineral composition. 
Alternations of marine, brackish, 
and fresh -water beds. Marine 
fossils often dwarfed. 

Mainly sandy and clayey beds and 
impure Limestones of mechanical 
origin. 

Or^nic or semi-organic occa- 
sionally. 

Some chemical precipitates of Car- 
bonate of Lime and Silica. 
Chemical Precipitates, such as Hock 
Salt, Gypsum, and Dolomite, con- 
spicuous ; occurring in lenticular 
masses among sandy and clayey 
mechanical deposits. 

Fossils rare, sometimes stunted 
and deformed marine forms* 

Mechanical. From atmospheric wea- 
thering, Itainwash, Screes, Old 
Soils. From wind 
D. Blown Sand. 

Organic. Mainly of vegetable ori- 

g ’n, as CoaL* Animal deposits of 
uano. 

M.B . — Deposits formed by the aid of ice are omitted from the above 
table for reasons given on p. 182. 

• It is very convenient to put have scarcely a right to the 
these rocks here, though they place, unless we stretch a point 
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One word of warning about the last column of the above 
table. Its object is not to specify every single one of th(». 
diiferent kinds of rock which are somewhere or other to be 
met with in each subdivision ; but to point out those widely 
prevalent forms, which give to each group its peculiarly 
distinctive stamp. Thus no mention is made of deposits of 
a somi-organic character, such as beds of Oyster shells^ 
which occur in the littoral zone ; nor of the rare mechanical 
and stiU rarer chemical deposits in the Oceanic area ; be- 
cause cases like those are of the nature of local and sub- 
ordinate accidents, which do not from a broad point of view 
affect the prevailing chara(d;er of any one of the groups. 
It is the latter, and not mere accidental accompaniments, 
that wo lc>ok to, when we want to find out the circum- 
stances under which any given mass of rocks were formed. 

Importance of learning the Conditions nnder 
which lEocks were formed. — The great value of a classi- 
ff(tation like that just attempted, as compared with an 
arrangement of rocks depending on mineral comjx>sition 
alone, is this ; it speaks to us of matters of far greater 
import than chemical and mineralogieal constitution, for it 
assorts that rooks have not always existed as we see them 
now, and it assigns to each kind of rock the cause and con- 
ditions of its formation. And it is not till we have got to 
this point, that we realise what the real aim and end of all 
geological work is ; that it is not merely to tell us what 
rocks are like, but to enable us, when we look at a rock, to 
say how and where it was fonnod. 

When we can do this Geology becomes, not a mere cata- 
logue of dry descriptions, but a histoiy ; and we loam to look 
upon rocks as tlio pages of a volume, on wliicb is written an 
account of what was going on wliile they were being formed. 
The student, who knows no more of Geolog}" than he has 
picked up from the preceding pages, will have begun to 
realise that every rock has a story of its own to tell, and 
furnishes to any one, who cun read its tale aright, a record 
of what was the physicjal condition of the spot, on which it 
is found, at the time of its fomiation. Now in studying 
the physical condition of the earth at present, we do not 
confine our attention to any single one of its physical 
divisions, its land surfaces for instance or its oceans ; but 
we strive to learn all we can, alike about the diy land, the 

and say they are derivative, inas- furnishes the soil from which 
much as it is denudation that plants draw part of their food. 
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shallow parts and more profound depths of the ocean, the 
lakes and inland seas, and in short about every one of tlio 
varied features and modiiications of its surface. It is tlio 
aim of Otology to furnish us with like detailed information 
about the earth as it was during past ages ; and, as the 
only documents, so to speak, from \^ich we can draw this 
knowledge, are the rocks that were formed during those 
times, it is of the first importance we should be able to 
ascertain under what conditions they were formed ; because 
Terrestrial rocks tell us where the dry land lay, Littoral 
deposits mark the shore Hne, Oceanic beds the dej)ths of 
the sea, and Lacustrine formations give us the site of inland 
bodies of water. It is only when we have been able to 
study a contemporaneous suite of all these diiferent forms 
of rocks, that we can arrive at a knowledge of the physical 
geography of the earth at any past epoch. 

We wifi therefore give up this chapter to an explanation 
of the way in which the character of a rock enables us to 
decide on the conditions under which it was formed ; and 
so to map out the different distributions of land and 
water which have existed at different periods of the earth’s 
past history. 

Teaching of Glacial Formatione.. — Under each one 
of the above four main subdivisions we might have specie 
fied one or more members formed by the action of ice. 
Thus among the Oceanic group we do find, though but 
rarely, boulders dropped from icebergs j in Thalassic, Lit- 
toral, Estuarine, and Lacustrine beds Boulder Clays and 
Glacial Mud are met with ; while Till and Moraines are 
important items in the roll of Terrestrial rocks. But it 
will be better for our present purpose to look upon ice- 
formed deposits as constituting a separate glacial class, 
than to rank them as subordinate members of the classes 
already mentioned. Our object in the present chapter is 
to see how far we can make out, from a study of any given 
rock, what were the physical conditions that prevailed 
when that rock was formed, at the spot where it occurs. 
Now there is one fact, which aU glacis beds, under what- 
ever conditions they were formed, agree in indicating, viz. 
the prevalence of intense cold; am this fact is of far 
greater importance physically than the consideration whether 
they were terrestrial or subaqueous. While therefore 
these latter points must not be lost sight of, the most 
iinpor^nt truth to be gathered from glacial fonnations is 
the existence of a severe climate. 
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These remarks and the description of glacial formation 
in the last chapter will render it unnecessaiy to say any- 
thing further about them in this chapter. 

We will now pass to a consideration of the ^eat leading 
features which distinguish each of the subdivisions of our 
table. 


A. — ^MARmB Books. 

Littoral Bocks. — The Littoral zone of any marine area 
consists of two parts, the belt between the limits of high 
and low tide, and a tract of shallow water beyond. Over 
the first the tides and breakers are constantly at work 
grinding down material detached from the cliffs or brought 
within the range of their action by rivers ; the bottom of 
the second is broken up only occasionally during very 
severe storms. The loose matters lying on the lower of 
these belts are occasionally transferred from it to the upper, 
but it is on tlie latter that the great manufacture of debris 
goes on ; there the wear of the waves, as they advance ai^d 
retreat, produces great piles of shingle and accumulations 
of sand. When these are swept out seawards the finely 
divided pai*ts travel far before they reach the bottom, but 
the coarse and heavy materials sink down at once and 
become heaped up in long banks of shingle and sand 
ranging generally parallel to the coast lino. Such banks 
wiU evidently be thickest on the side nearest the shore, 
and wiU thin away in a wedge-shaped form seawards. 
These materials also will be very irregularly stratified, 
for the currents traversing the shallow water will give 
rise to the structure already described as current- or false- 
bedding. 

Now among the rocks of the earth’s crust we find Con- 
glomerates and coarse Sandstones, which resemble exactly 
the shore deposits of the present day. In composition they 
are just the same ; they have the same wedge-Siaped form, 
for, though they may be followed for long distances in one 
direction, we find, when we endeavour to trace them in the 
direction at right angles to this, that they thin out rapidly 
and become replaced by beds of finer grain. They also 
invariably show very excessive current-bedding. 

Rocks answering to this description then give us the 
position of an old coast-line, and we know that Ae side on 
which they are thickest was the landward side, and that 
the direction in which they thin out, led to sea. 
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Tlio rough usage which the materials of such rocks have 
undergone, has very frequently prevented any remains of 
animal life being preserved in them, and they are generally 
barren of fossils. When they do contain organic remains, 
these consist of the hard parts of creatures that lived in 
shallow water, such as molluscs, whose shells in such situa- 
tions grow thick and hard to enable them to resist the 
pounding of the shingle. They are also liable to endose 
the bones of terrestrial animals and land plants, whi(.*h 
have heen brought down by rivers and have sunk to the 
bottom near their mouths. 

The deposits just mentioned are the most important and 
characteristic of the Littoral group, but others of a some- 
what different nature are formed between tidal limits. In 
the hollows between shingle- and sand-banks mud and fine 
sand accumulate, and, when the whole becomes compacted 
into rock, give rise to lenticular masses of Shale and lami- 
nated Sandstone, such as often occur in the middle of bodies 
of Conglomerate. The surfaces of these -finer beds are 
ripple-marked by the motion of the waves, and Btani}>ed 
with the tracks and burrows of marine animals and tlu^ 
footprints of birds ; when they arc laid dry by the retreat- 
ing tide, they are cracked by the sun ; sometimes too 
evaporation of pools of sea water causes the deposition of 
Crystals of Salt, and these crystals, being afterwards dis- 
solved, leave a cast, which is filled up by sediment, and so 
models in sand or mud are formed, known as Pseudo- 
morjihs.* All these appearances are common in the corre- 
sponding roQks, and, where they are met with, indicate a 
Littoral origin. 

Thalassic — As we leave the shallow belt which 

usually fringes a sea-coast and advance into deeper water, 
the deposits laid down on the sea-bottom become gradually 
finer in grain, the sandy element, so conspicuous in the 
Littoral zone, ceases to predominate, and clayey mud 
replaces it in part ; here too mixtures of mechanical sedi- 
ment with the calcareous remains of marine animals are 
formed. 

Such deposits give rise to finely grained Sandstones, 
wgillaceous San<£tones, Clays, Shales, Mudstones, and 
imj^re Limestones, 

These deep-water marine beds will show more regxilarity 
in their bedbug than those of the littoral zone, because 

* Quart, lottrn* Geol. Soc., ix. b, X87, xiiy. 646 : and p/ 28, 
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the currents, to which confused bedding is due, become 
feebler as the water deepens : they will also sj^read over 
larger areas and be more uniform in composition, because 
the finely divided matter, out of which they are formed, 
remains for a long time suspended in the water and is 
spread over broad spaces before it sinks to the bottom. 
The area over which finely divided sediment suspended in 
river water is distributed, is increased by the smaller 
specific gravity of fresh than salt water. From this cause 
the discharge from a river floats on the top of the sea in 
some cases for hundreds of miles before it becomes fairly 
mixed up with the salt water, and of course carries along 
Vith it its burden of suspended matter. 

The quietness of deposition of these beds is favourable 
to the preservation of the remains of animals, which live in 
the water whore they are formed ; hence they wlU be often 
highly fossiliferous, but these fossils will be almost exclu- 
sively marine, and it will bo only very rarely that the 
remains of land animals or plants will have been carried 
out far enough to sea to have been embedded in them. 

Limestones are by no means rare among the present 
class of rocks, but* they differ from the typical Limestones 
of the Oceanic area in being very impure, because they are 
only partly made up of the calcareous portions of marme 
animals and contain besides mixtures of muddy or sandy 
sediment. It seems however possible that where rivers 
very largely charged with Carbonate of Lime flow into the 
sea, chemical precipitation may take place and give rise "to 
beds of purer Limestone : but it is probable that such cases 
are very exceptional.'**^ 

XTormal Oceanic Kocks. — ^In every largo ocean there 
are bounds past which no sediment however finely divided 
is carried, and beyond these no mechanical deposit can 
consequently be formed. In the clear pure water of these 
regions animals flourish, which cannot exist in water 
fouled by sediment, and by those we saw in the last chapter 
masses of pure Limestone are built up. 

Many such Limestones occur among the rocks of the 
earth’s crust, about whose origin there can bo no doubt, 
because we can still see that they are almost entirely made 
up of the hard parts of marine animals ; other large masses 
of pure Limestone there are which now show little or no 
trace of fossils j but to these too we assign an organic 

• See Lyell, Principles of ^ology, 10th ed., i. 429—431, 
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origm, because we know of no other way in which they 
can have been formed, and we suppose that changes, which 
will be more fully treated of by-and-by, have removed all 
traces of the fossils which they once contained. 

In all cases then we look upon great masses of pure 
Limestone as having been formed by animal agency, and 
as marking the sites of what were, at the time of their 
formation. Oceanic areas far remote from land. 

In Limestones of this character we almost always meet 
with siliceous nodules, as for instance Flints in Chalk, 
Chert nodules in the Carboniferous Limestone of England. 
The origin of these has been already explained, but it is 
desirable to recall attention to the almost invariable asso- 
ciation of the two kinds of rock, because it is a fact in 
favour of the organic origin of the Limestone. We know 
that sea water holds in solution Silica as well as Carbonate 
of Lime, and that, besides the animals and plants which 
secrete the latter, there are others living side by side with 
them, which extract the former; the intermixture of 
siliceous and calcareous organisms readily explains the 
presence of Silica in the middle of an eminently calcareous 
deposit, a fact which it is not easy to account for in any 
other way. 

We must now include in the roll of Oceanic formations 
deposits like the Bed Mud of Hie Atlantic described in the 
last chapter, and the rocks which may have been fonned in 
the same way. 

We find now and then exceptions to the sweeping state- 
ment that Oceanic deposits are mainly of oi'ganic origin ; 
these are not numerous enough to upset its general truth, 
but still require notice. 

Erratics in Oceanic 2>epc8its. — Occasionally travelled 
boulders of large size are met with in the heart of great 
masses of strata that were formed in still water far away 
from any land. There are several possible means by which 
these wanderers may have been carried to their present 
position. 

Large stones often got entangled among the roots of 
trees, and, wiien the mtter fall into rivers, are floated 
down the stream and out to sea, till the decay of the wood 
drops them to the bottom. Another means of carriage is 
furnished by seaweeds, which sometimes grow to a size 
large enough to float the rocky fragments to which they 
attoc^h themselves. Lastly, floating ice is another trans- 
X>ortmg agent, and in all probability the one which has 
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in most (’ases been employed. Where the fragments are 
angular they may have formed originally part of the mo- 
rainic rubbish on the back of a glacier or ice-sheet, and 
wore borne away on icebergs; where they ate rounded, 
they must have been picked up from the shingle of the 
beach by coast-ice. The reader will find a description of 
erratics embedded in chtilk, and a discussion of the way in 
which they may have been brought, in a paper by Mr. 
Goodwin Austen in the Quart, Journ. Oeol. Soc. xiv. 252. 

Chemical Deposits in Oceanic Areas. — Under certain 
circumstances too chemical deposits are formed even in 
the centre of wide Oceanic areas. Thus Dana (“Coral 
Islands,” p. 294) gives the foUoTsing section of the deposits, 
which fill up the lagoon of an old raised atoll, Jarvis 
Island, situated in lat. 0° 22' S, long. 159° 58' 'W : — 

3. Guano. 

2, Sulphate of Lime, some compact and crystalline, 
some soft and amorphous, often two foot thick. 

1, Fine Coral debris and shells. 


Here the source of the Sulphate of Lime must have 
been the sea water, which holds small quantities of that 
substance in solution : when the lagoon became clc»sed, 
evaporation would concentrate the solution till the dissolved 
salts were precipitated; if a fresh supply of water were 
then admitted to the same treatment, and the process 
rej^eated often enough, any thickness of Gypsum might be 
accumulated. Dana ^rther mentions, that, as far as his 
observations extend, all elevated lagoons have similar 
deposits of Gypsum, and that Hock Salt frequently accom- 
panies them {op, city pp. 182, 297). Imperfect Dolomite 
18 also formed under similar circumstances. Thus the 
Cora!* Limestone of the island of Matea contains’*^ a large 
percentage of Carbonate of Magnesia. Tliis salt does 
enter into the composition of certain Corals,! but hardly in 
sufficient quantity to make it possible that they could oe 
the sole source of a rock like this. The Limestone was 
probably formed out of Coral debris in the drying-up 


♦ Analysw, Silliman’s Joum., 
2nd series, xiv. 82 : — 

Carbonate of lime . . . 61*93 
Carbonate of Magnesia . 38*07 
Specific Gravity . . . 2*690 
Hardness ...... 4*25 


Some specimens gave only 6*29 
per cent, of Carinate of Mag- 
nesia. 

t Forchhammer found 2*1 pw* 
cent, of Magnesia in Corallium 
rubrum, and 6*36 in Isis hippuris. 
(Dana, Coral Islauda, p. 99.) 
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lagoon of an old atoU, which had been converted by 
evaporation into a strongly concentrated solution of Mag- 
nesian Salts {op, cit, p. 357), 

Attention has been called to those abnormal forms of 
Oceanic d^>osit, because we shall see shortly that Kock Salt, 
Gypsum, l)olomite, and other chemically formed rocks are 
particularly characteristic of formations originating in 
inland seas. The cases quoted show, that we must not 
jump too hastily to the conclusion, that, wherever these 
kinds of rock occur, the beds among which they are found 
are necessarily Lacustrine. If, when we look at their 
surroundings, we find them to be merely subordinate 
patches in the middle of a great mass of rocks evidently 
of Oceanic origin, we must decide on the conditions under 
which the group was deposited from the broad general 
character of the whole^ and not from a few local accidents. 

B. — Estuarine Eoces. 

Everywhere along the coast materials for the formation 
of submarine rocks are furnished out of the detrital matter 
brought down by streams or yielded by the destruction of 
the cHifs. But, where a large river enters the sea, an 
unusual amount of sediment is brought in at a single spot, 
and the accumulations round its mouth tend in consequence 
to become specially conspicuous. 

The distribution of the matters carried down bj’’ a great 
river will depend on the following circumstances : if 
powerful currents sweep across its mouth, they may bear 
away the whole or the greater part of the detritus, and 
little or no deposition may go on opposite the mouth ; but 
if the sea be free from currents, or if the volume or cha- 
racter of the suspended matter be such as the existing 
currents are unable to remove, deposition will take 
place as soon as the river enters the sea, the latter 
will be gradually filled up, and a tongue of land, con- 
stantly growing in size, will be pushed out into the marine 
area. 

The projections of land formed in this way are known 
as Deltas. 

Tides both hinder and promote the growth of Deltas. 
The scour of the ebb tends to sweep awav sediment already 
deposited; while the pounding back oi the river during 
high tide promotes deposition. 

Space not allow of our giving any lengthy descrip- 
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tion of existing deltas, ♦ but it is desirable that tbe student 
should realise the enormous size to which they ^ow. The 
fluviatile deposits which form the delta of the Mississippi 
extend over an area of 12,300 miles, equal to nearly half 
that of Ireland, and have been proved by boring to be at 
one spot more than 600 feet in thickness. The delta of 
the Ganges is not far from twice as large. 

The nature of the materials of which deltas consist will 
vary according to circumstances. Where mountains rise 
abruj)tly from the coast, the streams that flow down their 
flanks will have fall enough to enable them to bring down 
coarse detritus, and deposits of sand and shingle will be 
formed around their mouths. But where, as is the case 
with most large rivers, a broad tract of flat country inter- 
venes between the sea and the mountains on wliich the 
sources of the stream lie, the river ceases to be able to 
carry forward coarse matter as soon as it reaches the low 
country, and only finely divided sediment reaches the sea. 
Still, even in the latter case, we may expect alternations 
of bods of dift'erent degrees of coarseness corresponding 
to the seasons when the river is low, and when it is in 
flood. 

In the arrangement of their materials the deposits of 
dcdtas will bear some resemblance to those of the Littoral 
zone among marine beds. There will be the same current- 
bedding, the same interlacing of wedge-shaped masses of 
beds of different mineral composition, and generally the 
same prevailing irregularity when the whole is looked at 
on a large scale. We shall also find the surfaces of the 
beds ripple-marked, rain-pitted, sun-cracked, crossed by 
animal tracks, and dotted over with pseudomorphs of salt 
crj'stals. When the surface of a delta has been raised 
nearlv up to the sea level, the deposits often assume a 
very complex character ; sand-dunes or shingle-banks are 
piled up, and by damming back the river water give rise 
to lagoons, in which fresh-water animals live aiid become 
embedded ; after a while the sea bursts through the 
barrier and brings with it brackish forms whose remains 
are preserved in the next series of strata : sometimes the 
water at one end of a lagoon is salt enough to support 
brackish-water creatures and sufficiently freshened by 
the influx of river water at the other end to allow of 

♦ Far information on this head De la Beche, Geological Observer, 
see Lyell’s Principles of Geology, pp. 72, 98 ; Carl Vogt, Lehrbudi 
10th ed., i* chape, xyiii. and xix. ; der Geologic, ii. 114. 
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fresh-water animals living in it, and thus the beds laid 
down in it show a gradual passage from one form to the 
other. ^ 

In some cases deposits of Eock Salt, Gypsum, and other 
chemical precipitates are formed by the evaporation of 
bodies of salt water shut off in lagoons. 

Occasionally the shutting out of the sea by temporary 
barriers gives rise to tracts of comparatively dry land, on 
which marsh-loving plants flourish, and in which land 
^uiimals that venture on them are liable to get mired, and 
thus there are produced interstratitied terrestrial forma- 
tions with the remains of the plants that grew on them 
and the boasts that frequentf^d them. In this way delta 
deposits show constant alternations of fresh- water, brackish, 
chemical, and terrestrial formations. 

This complexity will be vastly increased, if, while the 
deposition of the delta is going on, there are changes in 
the relative level of the land and sea. Suppose the soa- 
bottom to be sinking slowly, and that the downward 
movement is interrupted by occasional pauses. During 
one of the latter the water may be so far filled up that a 
land surface is produced ; when depression begins again, 
the terrestrial acciiiuulations become covered uj) by sub- 
aqueous deposits, and in this way any number of alterna- 
tions of the two forms of rock may be produced. This is 
the character of the fluviatile deposits on which Vcmice 
stands : they have been bored through to a depth of 400 
feet, and at four different levels beds of turf precisely 
similar to those now forming on the margin of the Adriatic 
were met with. 

Alternate elevation and depression of the land will lead 
to the same admixture of terrestrial and subaqueous 
deposits. 

Shape in section of Deltas. — If we could make a 
longitudinal section along the whole length of a delta, we 
should find the thickness of the deposit increasing for 
some distance from the mouth of the river, then beginning 
to decrease, and at last wedging away to nothing. 

Fossils of Estnazine Beds. — The fossil remains i)re- 
served in estuarine beds will show a mixture very charac- 
teristic of this class of deposits. There will be no deep 
sea forms, but the shells and fish that inhabit brackish 
water will be present; with these drifted specimens of 
frosh- water and land plants and shells, and bones of terres- 
trial and amphibious animals wiU occur ; occasionally we 
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shall come upon bods enclosing only a fresh-water fauna, 
and others which are evidently iana growths. 

We also meet with the shells of Estuarine or Marine 
moUusca, which are stunted and deformed, as if the con- 
ditions under which they lived were unfavourable to 
healthy growth. These abnormal forms were caused by 
some sudden increase in the volume of the river, whereby 
an area, which had for a time been occupied by salt water, 
became freshened, not sufficiently to till off the marine 
inhabitants, but enough to make their surroundings un- 
suitable to their habits. 

Deposits formed by the Union of Deltas. — The 

deposits then of the delta of a single river will form a 
very complicated group, and wffien, in the course of their 
growth, the deltas of several neighboxumg streams come 
to be united, we get a mass of strata showing still greater 
irregularity : the sediment brought down by the several 
rivers may vary very much in character, the prevailing 
constituent of the detritus of one may be mud, of another 
sand, and the waters of a third may be so charged with 
Carbonate of Lime as to promote the abundant growth of 
calcareous organisms and give rise to beds of Limestone ; 
and in this way, when the united dej^osits come to form 
one great rock mass, we shall find in it beds which at one 
spot are Sandstone, -at anotlier Shale, and at a third Lime- 
stone, the three forms passing horizontally into one another 
by gradual steps. 

Escample of an Estuarine Group, — Among the rocks 
of the earth’s crust we find great groups of strata which 
show all the peculiarities just described as characteristic 
of delta deposits; a veiy good instance is furnished by 
what are known as the Wealden Rocks of Kent and Sussex. 
This formation consists of Clays, Sands, Sandstones, Cal- 
careous Grits and impure Limestones : it contains the 
remains of estuarine and fresh-water shells and crus- 
taceans and fish, which are alone sufficient tx) decide its 
estuarine character. We loam further that it was de- 
posited not far from land, because we find embedded in it 
land plants, insects, the bones of birds, and of terrestrial 
and amphibious animals, specially a gigantic terrestrial 
lizard known as the Iguanodon, the footprints of which 
still remain imprinted on the surfaces of some of the beds. 
We have therefore all the signs by whicffi we recognise a 
formation of Estuarine origin, and we can determine also 
the quarter from which the river that deposited it flowed, 
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and whereabouts the sea lay into which that river dis- 
charged itself. 

The thickness of the whole mass of strata in Sussex is 
at least 1,300 feet; as we trace them westwards along Ihe 
English coast they fall off rapidly, till, at the last spot where 
they are exposed, they are less than 200 feet thick. Again 
the corresponding beds on the opposite coast of France show 
a still more striking decrease in thickness in the direction 
of Boulogne. The spot where the beds are thickest was 
evidently in the middle of the estuary ; the fact that they 
thin away both to the east and the west, shows that the 
water sh^owed in those directions, or, in other words, that 
the margins of the estuary lay towards those quarters. 
The estuary, therefore, in which these beds were depo- 
sited, stretched across Sussex, and its shores lay to the 
east and west of that county, — ^that is, its general direction 
ran north and south. That the sources of the river were 
to the north, and that the ocean into which it discharged 
itself lay to the south, wo loam from the following con- 
siderations. If we cross the channel and examine the cor- 
responding rocks in France, we find the group to consist 
there of alternations of bods decidedly estuarine with others 
undoubtedly marine, of the class we have called Thalassic ; 
as we go towards the soutli-east, the estuarine portions 
become fewer and thinner till they at last disappear alto- 
gether, and at the same time the marine beds gradually lose 
the Thalassic type and pass into Oceanic Limestones. We 
have therefore a gradual and complete passage from beds 
formed at the mouth of a river, through alternations of 
Estuarine and Marine strata, into rocks formed in an open 
ocean. 

These broad facts show that land lay to the north and 
open sea to the south-east ; and by the aid of more detailed 
observations, which need not be given here, we can restore 
to a very dose degree of approximation the physical 
geography of the country at the time this group was being 
formed. To the north lay a tract of land covered with 
vegetation and inhabited by the Iguanodon and other 
creatures : one of the rivers draining this continent dis- 
charged itself through a long narrow estuary, which ran 
in a south-easterly direction across the south-east of Eng- 
land towards the centre of France and opened out there 
into a broad ocean. The position of this estuary is marked 
out by the great mass of beds, almost entirely of fresh water 
origin from top to bottom, in the south-east of England ; 
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where we find in France marine beds begin to come in, wo 
know that we have passed the mouth of the estuary and 
are getting out to sea ; and when we find these Marine beds 
gradually losing their Thalassic character and putting on 
an Oceanic type, we know that we are well in the marine 
area. 

One more point calls for notice, the character of the 
Wealden beds, even where they are tliickest, proves that 
they have been deposited in not very deep water. The only 
way in which this could happen was by a gradual sinking of 
the land during the period of their deposition. We have 
independent evidence that such a sinking did take place. 
Immediately above the Wealden beds there lies a thin 
group of strata known as the Punfield Formation, which 
consists of alternations of fresh^water and Littoral Marine 
strata : during the formation of those rocks then the sea 
must have from time to time (jncroached on the area 
formerly occupied by fresh water. Above these Punfield 
beds are others known as the Lower Greensand, which 
are purely maiine ; and from this we learn, that, by tlio 
time these last came to be formed, the sea had permanently 
overflowed the country. The evidence therefore all coti- 
spires to show, that, during the formation of all the rocks 
we have been reviewing, the land was going down : that 
during the Wealden period the sea was seldom, if ever, 
brou^t over the south-east of England; that during 
Punfield tknes it advanced over part of that district and 
receded ; and finally that the country was completely sub- 
merged during the deposition of the Lower Greensand. 

The relations of the rocks Just described to one another 
have been thrown into the form of a diagram in Fig, 33. 

C. — ^Lacustbutb Eocks. 

The deposits formed in fresh-water lakes and those of 
inland seas have some points in common, which may be 
considered before we come to the characters which are 
pkjuliar to each. 

The sediment brought into a lake is usually supplied by 
several rivers, which enter it at different points, which 
may nm over rocks of very different character, and may 
vary much in their transporting powers. From this cause 
Lacustrine deposits will show bom in a horizontal and ver- 
tical direction very marked and often very sudden changes 
of character. The coarser matter will be thrown down 
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in deltas at the mouth of each stream, and thus fan-shaped 
masses of Conglomerate will accumulate every here and 
there along the edge of the water. When we have to 
deal with a mass of Lacustrine beds, we may, by noting 
the position of these deltas, fix the boundaries of tlie sheet 
of water in which it was accumulated. The more finely 
divided materials will travel further, and will to a certain 
extent get mixed together, before they reach the bottom, 
and thus the contr^ parts of the deposit will be mor(^ 
uniform in character; out even here there may well be 
numerous alternations of beds differing in colour, compo- 
sition, and texture, for it is probable that all the inflowing 
streams will not be at their fullest at the same time, and 
the one which has the greatest volume and velocity will 
bring in and spread further its own peculiar sediment, and 
give rise to a layer, which will partake more largely of 
the character of the sediment of that stream than of the 
others. When the turn of the next stteam comes, it will 
lay on the top of this a stratum, in which the distinctive 
character of the sediment which it brings down will pre- 
vail, and so on. Many Lacustrine formations do show 
numerous alternations of tbeir beds of different characters, 
and it is probable that it is for the reason just given. Also 
we must bear in mind, that the streams (;annot carry even 
fine sediment beyond a certain distance from their mouths, 
and hence the beds will not spread each of them over the 
whole of the bottom, but wiU dovetail into one another in 
a wedge-shaped fashion. The peculiarities just described 
are w^ exemplified in the Lacustrine deposits of Auvergne, 
which the reader will find described in Lyell’s ‘‘Manual 
of Geology’^ (6th ed.), p. 220. 

Wlien the water of a lake is low, the surfaces of the 
deposits forming in it are sometimes laid dry, and then 
become impressed with rain-pittings, sun-cracks, and other 
such markings, which we have already seen are produced 
in other deposits under similar circumstances. 

When the streams which feed a lake are small, each will 
be able to bring down only a small quantity of sediment ; 
and, if this is finely divid^, it will be spread over a large 
area, and give rise to a layer or stratum of small thick- 
ness. A change in the character of the detritus will lay 
upon the top of this a stratum equally thin, but of difiorent 
composition. Thus the deposit will be subdivided into a 
large number of very thin beds, and will contrast strongly 
with the more thicHy-bedded and uniform accumulations 
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of a Thalaseic or Oceanic area. Pig. 6 gives an instance 
of this. In the upper fifteen feet there are no less than 
nine alternations of rook, each occurring in thin layers, 
which in some cases are further subdivided into laminee of 
excessive tenuity ; this portion of the section is of Lacus- 
trine or Estuarine origin. The lower twenty-three feet, 
which consists of Marine rocks, shows only four subdivi- 
sions, more massive and blocky in their structure. 

Presh-water Ijacnstrine Deposits. — Such being the 
general character of all Lacustrine formations, we must 
next consider what are the peculiarities which enable us 
to distinguish those deposit^ in fresh-water lakes. All 
Lacustrine beds resemble those of Estuarine origin in many 
respects, they show the same general irregularity both in 
the comjX)8ition and arrangement of the deposit, give the 
same proofs that the surfaces of the beds have been cwca- 
sionally exposed to the air, and contain the remains of 
fresh-water and terrestrial plants and animals. But there 
is this difference between the two : Estuarine formations 
usually contain beds with brackish water or marine shells 
interstratified with those in which fluviatile forms alone 
occur, or beds ;>delding a mixture of marine and fresh- 
water forms ; such are of course absent from the dex)Osits 
of a lake to which the sea never gains access. But in many 
cases the sheets of fresh water, in which Lacustrine forma- 
tions have been laid down, have been from time to time 
invaded by the sea, and the result has been just such alter- 
nations of fresh and salt water deposits as we meet with 
among Estuarine beds. In a case like this, if only frag- 
ments of the deposit have been preserved, it will be im- 
possible to say to V hich class they ^ould be referred ; but if 
the formation has come down in anything like an entire 
condition, the following considerations enable us to decide 
this point. Estuarine formations will pass in a certain direc- 
tion into those of a purely m6urine origin ; we found this to be 
the case for instance with the Wealden Eocks of England. 
In deposits formed in bodies of fresh water, though there 
may be marine intercalations, we shall never observe the for- 
mation as a whole to pass laterally into one entirely marine. 
Further if a Lacustrine deposit be entire, we shall find all 
round its edges a ring of shore formations, Conglomerates, 
and similar coarse rocks, among which the ddtas of the 
inflowing streams will he spedafiy conspicuous : in a delta 
the similar rocks will tena to be crowded round one spot, 
viz. the river’s mouth. In the one case the directions in 
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which the deposits tend to become finer in grain will con- 
verge towards a centre^ the middle of the lake ; in the other 
they will spread out like a fan from a centre^ the mouth of 
the river. 

A purely fresh-water formation will contain only fresh- 
water fosi^, but there are eveiy now and then exceptions 
even to this rule. For instance, marine crustaceans* have 
been dredged up from the depths of the large American 
lakes, and their remains may well get mixed up with those 
of fresh-water creatures in the deposits now forming be- 
neath those bodies of water. 

Besides the ordinary types of mechanical deposits the 
following kinds of rock are worth notice as often occurring 
in Lacustrine beds. Chemical precipitates of Carbonate of 
Lime and Silica maybe formed when springs largely charged 
with these substances burst out on the banks or beneath the 
waters of the lake, but tlie amount held in solution must be 
considerable in order to produce precipitation ; this is often 
the case in districts where volcanoes either are or have been 
active. Semi-organic fonnations also occur, such as the Shell 
Marls of some small lakes in Scotland, which have been 
filled up by the deposition of sediment ; these beds are 
described by LyeU as consisting almost entirely of the 
shells of fresh-water testacea decomposed into a pulveru- 
lent marl. Some lakes swarm with Diatoms, the siliceous 
cases of which accumulate on the bottom and give rise to 
the deposits of Tripoli or polishing stone : in other cases 
Diatoms extract iron from the water and cause the forma- 
tion of Iron ores. 

The Lacustrine deposits of Auvergne furnish a good 
instance of a purely fresh- water deposit ; while the Molasse 
of Switzerland, of which the reader will find a full descrip- 
tion in Lyell^s Elements of Geology,’^ chap, xv., is a fine 
example of a formation in the main of fresh- water origin 
but containing marine intercalations. There are also very 
extensive Lacustrine formations in the western states of 
North America.! 

Salt-wattr XiacuBtruie Bocks. — ^The one conspicuous 


♦ These lakes were probably 
originally bodies of salt water cut 
off from the ocean by the up- 
heaval of barriers of land, aiKl 
have since been freshened by 
the water poured into them by 
rivers. Some few marine crea- 
tures have been able to accom- 


modate themselves to the change 
and linger on in their deep^ 
parts. 

t See San Pictures of the 
Rocky Mountains, by Prof. F. N. 
Hayden, chap, vii., and the Re- 
ports of the U. S. Geological 
Survey of the Territories. 
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feature which characterises deposits formed in inland bodies 
of salt water is the presence of great masses' of chemical 
precipitates, such as Eock Salt. Gypsum, and Dolomite. 

It is a significant fact that these forms of chemical 
deposit are in very many cases associated together, and 
that the beds in which they occur are either altogether 
barren of fossils, or contain only the remains of land 
plants and of terrestrial or amphibious animals, or, if there 
are any marine forms in them, these are few in number 
and have a dwarfed and unhealthy look. At the same 
time those rocks, which are proved by the presence of an 
abundance of well-developed marine fossils to have been 
foimed in the sea, rarely contain in any quantity the salts 
which sea water holds in solution. The meaning of these 
facts has been already hinted at. It is extremely impro- 
bable that an open ocean can ever become siifeciently 
saturate<l with matter in solution to allow of precipitation 
taking place ; while on the other hand this is the. result 
that must happen in dosed bodies of water, and may 
happen in those which have an outlet if the evaporation 
be excessive. 

We shall better realise the mtich higher state of concen- 
tration that obtains in closed bodies of water than in open 
sea, by contrasting the two following analyses of the 
waters of the Mediterranean and Dead 8oa : — * 





Mediterranean. 

Bead Sea. 

Chloride of Sodium . 



2-9460 


12*110 

Chloride of Magnesium 



0-3223 


7*822 

Chloride of Calcitim . 

• 




2*456 

Chloride of Potash . 

* 


0*0505 


1*217 

Sulphate of Lime 



0*1357 



Sulphate of Magnesium 

• 


0*2480 



Bromide of Sodium . 



0*0658 


0*462 

Carbonate of Lime . 



0*0113 



Carbonate of Magnesia 






Peroxide of Iron 



0*0004^ 



Total solid contents 


. 

S-769S 


24*056 


On this head Mr. Sorby has some very pertinent remarks. 
He states *‘that some very solid Dolomites contain even 
now about one-fifth per cent, of salts soluble in water^ 
Chlorides of Sodium, Magnesium, Potassium, and Calcium, 
and Sulphate of Lime, which are doubtless retained in 

♦ Baxnsay, Nature, vii. 318. the papew of this author, Quart. 
In connection with this subject Jonm. Geot Soc,, xxvii. 189 
the student should also oonsult 241. 
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minute ‘fluid cavities.’ These must have been produced 
at the same time as the Dolomite, and caught up some of 
the solution tlien present, which is thus indicated to have 
been of a briny character.” But he also states that some 
. Dolomites yet show traces of fragments of organic bodies, 
and would appear to be made up, in part if not whoU} , 
of comminuted and decayed calcareous organisms, and to 
have been subsequently ^tered into Dolomite, possibly by 
the infiltration of Magnesian Salts of sea water, when it 
had been so far concentrated that Rock Salt was deposited."*^* 
In tlie latter case we may suppose that the water was for 
a time sufficiently free from dissolved matters to allow 
of the existence of animal life and the growth of organic 
limestone, and that afterwards the area was flooded by 
a concentrated solution wliich transformed the Limestone 
into Dolomite by percolating through it. Or it may be 
that some hardy creatures managed to struggle on in the 
concentrated solution and their remains were buried in the 
pjrecipitates. We shall have more to say about Dolomites 
produced by the alteration of Limestone in the chapter on 
* ‘ Metaniorphisra . ’ ’ 

The peculiar character of the fossils found in chemicall}' 
formed rocks is also easily explained. Water liighly 
charged with the salts required for the formation of such 
rocks is very unsuitable for the maintenance of animal life, 
and any creatures that manage to exist in it will be stunted 
in their growth and deformed in shape by the trjdng con- 
ditions under which they are placed. 

On these general grounds then we may fairly look upon 
rocks possessing the characters just described as marlnng 
the site of old inland seas, wliich may have been originally 
fresh-water lakes that grew salt because they had no outlet, 
or may have been portions of the sea that had their con- 
nection with the main ocean severed by the upheaval of a 
barxier of land. The latter explanation must be adopted 
when the fossils are marine. 

Bed Colour of Inland Sea Beposite. — ^The rocks, in 
which chemically formed deposits occur, are in a very large 
majority of cases of a red tint; and, when they are 
minutely examined, it is found that they are not red aH 
through, but that the colour is owing to a thin coating of 
anhy(&ous Peroxide of Iron which covers each grain, so 
that, if we looked at a thin transparent section with a 


* Heport of British Assoc., 1856, Transactions of Sections, p. 77. 
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microscope, we should see a number of particles red outside 
and some other colour inside. It is clear fi^m this that 
Peroxide of Iron must have been present in large quantity 
in the water in which these rocks were deposited. 

And there is nothing surprising in this. There is scarcely 
a rock in which Iron is not present under some form or 
other, and many rocks contain it in large quantity ; many 
of its compounds are readily peroxidised by exposure to the 
air, by the action of water, and by other chemical reactions, 
and hence all surface streams are liable to carry in suspen- 
sion Peroxide of Iron. It is highly probable therefore that 
this substance will be plentifully carried into all lakes ; and 
in the case of closed bodies of water, if it come in in a fine 
state of division so that it can remain a long time in sus- 
pension, it will accumulate and increase in quantity, just in 
the same way and for the same reason, as flie salts held in 
solution. *We can readily understand then why it is that 
red beds and chemical deposits so very generally go together, 
and why inland sea deposits are so very generally red.’*^ 
But it win be hardly safe to go as far as Prof. Eamsay 
seems inclined to do, and assume conversely that red colour 
is in itself a proof of inland sea origin. It is a strong pre- 
sumption that way, but requires confirmation by other 
tests. There can be no difficulty in understanding how 
red beds may be formed beneath the sea. The waste pro- 
duced by the denudation of red rocks will be rod, and, when 
deposited on the sea-bed, will give rise to marine rocks of a 
red colour. And now that the Challenger soundings have 
made us acquainted with the vast deposits of red clay that 
are in process of formation beneath the deepest part of the 
ocean, the idea that all red beds are necessarily of inland 
sea origin cannot be entertained for a moment. Bed beds 
may therefore be formed under any conditions ; and, as the 
presence of Peroxide of Iron in any quantity generally 
drives away animals, they will seldom contain fossik enough 
to enable us to determine whether they ore marine or not : 
it is to the rocks associated with them that we must look if 
we want to solve this problem. 

The surfaces of red beds are often blotched over with 
blue and green patches, and sometimes blue and green 
bands are interstratified with them, and the faces of the 
joints, and the portions of the rock in the immediate neigh- 

* There is a good account of cation de la Carte G^logique de 
the association oT red beds with la France, ii. 90 — 94. also 
chemical deposits in the ExpU- Nature, vi. 142, 242. 
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Lourhood of these planes of division, show the same colours. 
It is probable that the change in hue has been produced by 
the action of vegetable acids arising from decomposing 
plants, which rob the red colouring matter of part of its 
oxygen and convert it into lower states of oxidation. The 
beds are also sometimes traversed by tubular pipes which 
may have been formed by the escape of gases generated 
from the same cause.’*^ The pseudomorphio casts of salt 
crystals, already mentioned several times, are, as might be 
expected, very common on the surface of red beds associated 
with deposits of Hock Salt; we often find other curious 
warty protuberances, which are sometimes like flattened 
spheres, sometimes crescent*shaped, and sometimes take less 
regular forms. These are probably cavities produced by 
the dissolution of effloresced masses of salt, which were 
afterwards filled in by mud or sand.f 

The red colour of inland sea deposits is one cause of their 
unf ossilif erouB character. Peroxide of Iron in water is fatal 
to the animals living in it : water charged with it coming 
from mines kills the fish in the rivers, and, if it reaches the 
sea, the marine creatures fly before it. Sir H. Be la Beche 
has pointed out that the animals, which live on the sea-bed, 
cannot exist upon a bottom of red mud ; but that, if the 
water above be clear, fishes could swim about in it ; J and 
this is the reason why the latter are found fossil in some 
red beds where the remains of molluscs are scarce or 
altogether absent. If there were intervals, during which 
no sediment was brought down, the water might become 
bright enough to tempt fish into it, and an irruption of r(Ml 
mud might kill and bury them, and so they would be 
preserved in a perfect state. 

Processes by which Chemical Deposits may have 
been formed. — Considerations such as have been just 
brought forward certainly lead to the belief that the masses 
of rock, generally red, with which Hock Salt, Gypsum, and 
Dolomite are associated, were deposited partly by precipita- 
tion from saturated solutions in inland seas. But it is by 
no means an easy task to trace out all the steps of the 

* Be la Beche, Memoirs of Phil. Soc. of Manchester, vol. xii. ; 
Geological Survey of Great Bri- Geology of the country round 
tain, i. 53 ; Maw, Quai-t. Joum. Stockport, (Mems. of Geology 

Geol, Soo. of London, xxiv. 351 ; Survey of England and Wales;, 

Bawson, Ibid., v. 25. p. 36 ; see also Jahrhuchder k, k. 

t Mr. Binney has noticed Geol. lieichstinsialt, xxiii. 252. 

these on the surface of beds of X Memoirs of the Geological 

Permian Marl, Mem. of Lit. and Survey of Gieat Britain, i. 61. 
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process, and to say what were in each case the exact 
chemical reactions by which the result was brought about. 

Bock Salt. — For Bock Salt mere evaporation will suffice. 
In such a case as the Great Salt Lake of Utah, into which 
rivers run but from which none run out, where the streams 
flow over* a coimtry on the surface of which salt is con- 
stantly efflorescing from below, and when the evaporation 
is greater than the supply, deposition of salt must go on. 

Again in cases when an area is periodically inundated by 
the sea and then left dry, or where portions of sea water 
are cut off from the main body by temporary barriers, such 
as shingle-banks, sand-dunes, or the upheaval of a land 
barrier, evaporation would produce deposits of Salt ; and, 
if the process be repeated often enough and gentle subsi- 
dence go on meanwhile, any tldckness may be accumulated. 
One instance of this kind is found in the Bunn of Cutch 
mentioned by Lyell (Elements, 6th ed. p. 446 ; Principles, 
10th ed., vol. ii. p. 98,)* The great deposits of Bock Salt 
in the Bitter Lakes of the Isthmus of Suez seem also to be a 
case in point. This bank is estimated to have contained 
970,000,000,000 kilograms of salt, its superficial area is 
about 66,000,000 square metros, and it is composed of layers 
varying in thickness from 5 to 25 centime. The basin in 
which this deposit lies seems to have been every now and 
then filled by inundations from the Bed Sea, and during 
the intervals between two successive incursions evapora- 
tion concentrated the solution and threw dovkH a layer of 
ealt.f 

There are two other common rocks, which have most pro- 
bably in many cases been foimied by chemical action — Do- 
lomite X and Gypsum. It so very frequently happens that 
these two rocks are found together, that it is likely that in 
many cases they were produced at the same time and by 
the same reaction, and that the formation of the one was 
necessarily accompanied by the production of the other. 
In other cases we meet with large masses of Dolomite 
which are not accompanied by Gypsum, and Gypsum not 
associated with Dolomite. 

Various attempts have been made to imitate experi- 
mentally the processes by which Dolomite may be sup- 

♦ Also Sir Bartle Frere, British J For shortness I use this 
Association Eeports, 1869, Trans- term here to include not only 
act. Sections, ^ 163. true Dolomite, but Dolomitic 

t Comptes jEiendus, June 22, and Magnesian Limestones as 
1874. well. 
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posed to have been produced by precipitation from a solu- 
tion of Salts of Lime and Magnesia ; but the effects of 
chemists in this direction have not as yet been particularly 
successful. Several of the proi)osed reactions are clearly 
inadmissible, because, though the experimenters have suc- 
ceeded in throwing down either Dolomite or a mixture of 
the Carbonates of Lime and Magnesia, they were obliged 
to employ temperatures and pressures far greater than we 
are at liberty to suppose prevailed during the formation of 
actual Dolomite.'*^ 

Among the methods which naturally suggest themselves 
as likely to have produced Dolomite, the one that first 
occurs to the mind is precipitation from the waters of 
mineral springs. Cases where Magnesian Limestones and 
possibly Dolomite Limestones have been thus formed are 
known ; f but it is not certain that Dolomite can be formed 
directly in this way. Bischofs experiments rather tended 
to show that this was not likely. Wlien he attempted to 
precipitate Carbonate of Lime and Carbonate of Magnesia 
together by evaporation from a solution in water, he found 
that the first salt, because it was the least soluble, was at 
fimt thrown down almost exclusively ; then a mixture of 
the two salts was precipitated, and then Carbonate of Mag- 
nesia alone ; and he thought a deposit produced in tliis v ay 
v^ould consist of Limestone at the bottom, possibly a little 
Dolomite in the middle, and Carbonate of Magnesia at the 
top.J It is worthy of notice, however, that ho speaks of 
the strong tendency to the formation of double salts 
which characterises magnesia ; ” and it is possible, that even 
supposing the two carbonates to be precipitated separately, 
this tendency might lead them afterwards to rearrange 
themselves and foim Bitter Spar. In connection with this 
part of the subject, an observation of Sterry Hunt’s also 


* Under this head we may 
reckon the explanations proposed 
by Forchhammm'f Ann. de Cbem. 
et Phys. xxiii. ; A. Favre and 
Marignacy Leonhard’s Jahrhuch, 
1849, p. 472 , Bull. Soc. Gcol. de 
France, 2nd ser. vi. 318 ; Kaidin- 
gevy Poggend. Ajinal. Ixxiv, 691 ; 
Leonhard’s Jahrhuch, 1847, p. 
862; Morhty Leonhard's Jahr- 
huch, 1847, p. 862, Liebig and 
Kopp, Jahresherioht, 1848, ii. 
600. Some of the above refer- 


ences are second-hand, and I have 
not been able to verify thorn. See 
also Bischof’s Chemical Geology, 
iii. chap. 63 ; Naumann's Geogno- 
sie, i, pp. 623, 714 ; Zirkel, Petro- 
graphic, i. 243. 

t Liebig and Kopp, Jahres- 
bericht, 1853, p. 929; Leonhard’s 
Jahrhuch, 1838, p. 62, 1840, p, 
372 ; Zirkel, Potrographie, i. 
243 ; Naumann, Geognosie, i. 
623, note, 714', note, 

t Chemical Geology, iii. 167,169. 
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seems important. In repeating an experiment of Marignac^s, 
he found that Carbonate of Magnesia is quite ready at the 
mommt of its formation to unite with Carbonate of lime into 
Dolomite ; but when he substituted Magnesite for newly 
formed Carbonate of Magnesia, he found that it showed no 
such aptitude to combine with the Carbonate of Lime.^ It 
would, therefore, seem to make all the difference in the 
world in this case, whether the Carbonate of Magnesia is 
in its ordinary condition, or whether it is newly set free 
from combination or newly formed ; in the first case there 
will be no tendency to form Dolomite with any Carbonate 
of Lime that may be present, in the second the union with 
Dolomite may take place. 

Dr. Sterry Hunt has given special attention to the sub- 
ject now before us, and he has suggested two reactions, 
by one of which Dolomite alone, and by the other Dolo- 
mite and Gypsum, may be produced by precipitation.! 

The first method he suggests is as follows: — Wlien 
alkaline water containing Bicarbonate of Soda in solution 
acts upon sea-water, the soluble salts of lime and magnesia 
contained in the latter are decomposed. The lime salts are 
first acted upon, and Carbonate of Lime is precipitated 
accompanied by two or three hundredths of Carbonate of 
Magnesia. When this has been effected, a solution of 
Carbonate of Magiesia remains, which on evaporation 
dejwsits Hydrated Magnesian Carbonate. 

He remarks that the separation of Magnesian Carbonate 
does not suppose a high degree of concentration, and may 
have gone on when animal life was present, so that mag- 
nesian beds formed in this way may be fossiliferous. 
Before, however, precipitation could take place, a degree 
of concentration would probably be arrived at greater than 
.that which animals can bear, and a more or less sudden 
destruction of the forms of life would occur, giving rise to 
a deposit abundantly fossiliferous. When the water had 
been cleared by precipitation, fresh individuals might 
migrate into it, to be in their turn destroyed and entombed 
when a state of saturation was again arrived at. 

Again Dr. Hunt has suggested the foUowmg as a method 
by which Dolomite and Gypsum may be formed together. 

When water containing Carbonate of Lime is mixed with 
Sulphate of Magnesia, it gives rise by double decomposi- 

• Silliman's Jonra., 2nd ser. xxviii. 170, 366. Keport on the 
xxviii. 184. Geology of Canada to 1863, p. 

f SUlimun’s Jonm., 2nd ser. 676. 
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tion to Carbonate of Magnesia and Sulphate of Lime. Dr. 
Hunt found that, if the solution be concentrated by evapo- 
ration, Gypsum is first thrown down, the Carbonate of 
Magnesia remaining dissolved. If now an additional 
supply of water holding Carbonate of Lime in solution be 
furnished, further evaporation may cause the two carbo- 
nates to fall down in a state of intermixture,"*^ and thus a 
precipitate containing the elements of Dolomite will be 
obtained. 

It will be noticed while both these reactions give us the 
elements of Dolomite, neither of them produces directly 
Dolomite itself. The union of the carbonates into true 
Dolomite or Dolomitic Limestones, Dr. Hunt thinks, must 
have been brought about afterwards by the aid of pressure 
and temperature, but he states that the lowest temperature 
at which the combination can be effected has not been 
ascertained. Bearing in mind the tendency towards the 
formation of double salts which magnesia is stated to ex- 
hibit, it seems not impossible that combination may take 
place slowly by simple chemical affinity without the aid of 
any very large amount either of pressure or heat. 

We cannot say then that the problem of forming Dolo- 
mite by direct preciintation has yet been solved. It has 
not been found possible, under the conditions which we 
can command, to effect this experimentally ; but it by no 
moans follows that such a method of formation is impos- 
sible : the ingenuity of chemists has hardly exhausted every 
j)0S8ible combination that might lead to such a result ; and, 
even were this the case, it is perfectly possible that the 
necessary conditions may be such as we cannot imitate in 
our laboratories. In fact, imperfect as has been at present 
the success of experimenters, they have got quite far 
enough to justify the belief that the process consisted in 
some reaction between etdeareous and magnesian salts in 
solution. What those salts were, and what was the exact 
nature of the reaction, have yet to bo learned. 

There are other Dolomitic and Magnesian Limestones 
which have been formed by the alteration of ordinary lime- 
stone. These will be treated of in the chapter on Meta- 
morphic Bocks. 

We have already seen our way in a dim sort of fashion 
to a method by which Gypsum and Dolomite might be 
formed together ; we have yet to explain the origin of great 

^ Bischof’s experimeats, described a little way back, Beem against 
this result. 
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masses of Gypsum unaccompanied by Dolomite, Several 
explanations nave been offered to account for such deposit 
by chemical precipitation. It is evident that, if streams 
holding Sulphate of Lime in solution discharge themselves 
into a closed body of water, a saturated solution would at 
length be produced, and the salt would be thrown down. 
The precipitate might take the form of either of Anhydrite 
or Gypsum ; we do not know the conditions which determine 
which of the two it wiU be, but it has been suggested that 
pressure will decide whether it is hydrated or anhydrous. 
Again it has been suggested that submarine volcanic out- 
bursts may discharge sulphurous acid, which would be con- 
verted into sulphuric acid, and this, acting on the Carbo- 
nate of Lime in solution, would give nse to gypsum. 
Another suggestion is that solutions of alkaline sulphates 
have been poured into sea- water, and that mutual decom- 
position has gone on between their contents and the 
Chloride of Calcium of the sea-water, which has resulted in 
the formation of Sulphate of Lime and soluble alkaline 
chlorides. 

Whatever explanation is adopted, we must in aU cases 
have closed bodies of water, in order to obtain the satura- 
tion necessary to produce precipitation.’^ 

Other Gypsums which are probably the products of 
alteration of Limestone or Anhydrite will be considered 
under the head of Metamorjihic Eocks. 

Sources of the Uaterials for Chemical Beposits. — 
We have next to inquire from whence the various sub- 
stances necessary for the formation of chemical deposits 
may be supposed to have been derived. 

Sea water contains in small quantities the salts which we 
have enumerated as having possibly given rise to chemically 
formed rocks. If therefore a portion of the ocean were cut 
off by the formation of a land barrier and the solution con- 
centrated by evaporation till precipitation ensued, one or 
more of these rocks might be formed ; and if fresh supplies 
were from time to time introduced by an opening of the 
harrier, and again shut off by the closing of the opening, 
or if by inundation or any other means the area was refilled, 
considerable thicknesses of precipitate mi^ht be formed. 
In many cases however we can scarcjcly imagine this process 
to have been repeated often enough to give us the great 

* The student refer to i. 760; Zirkel, Fetrographie, u 
Biscbof, Chemioal Geology, L 268—273. 
chap, 19 ; Naumazui, Geogtiosie, 
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masses which actually exist. We then turn to inland closed 
sheets of water into wliieh streams charged with the 
necessary ingredients discharge themselves. These streams 
may in many instances derive their dissolved matter from 
the rocks over or through which they flow. The decomposi- 
tion of Iron Pyrites will give the Peroxide of Iron necessary 
to produce the prevalent red colour : Limestone yields Carbo- 
nate of Lime, Dolomite that salt and Carbonate of Mag- 
nesia, and Gypsum Sulphate of Lime. 

To the amount of dissolved matter furnished in this way 
we must add that brought in by mineral springs. These 
often rise from considerable depths, where the temperature 
is high and the increased pressure enables the water to 
hold larger amounts of Carbonic Acid and other solvents 
than at the surface, and so increases its dissolving power. 
The most powerfully charged mineral 8i>rings occur in 
volcanic districts, and it is probable that in many cases the 
materials necessary for the formation of chemical rocks came 
directly from a volcanic source. In other cases the requisite 
comj)onent8 may have been furnished by the destruction of 
previously existing rocks of a similar character ; but these 
latter probably originally drew their ingredients from a 
volcamc origin, so that it is likely, that in all cases we must 
look upon volennic action as tlie agent, which, either directly 
or ultimately, furnished tho materials for the formation of 
chemical rocks. We shall again touch on this subject in 
the next chapter. 

ZSxample of Chemically formed Deposits. — ^As an 

instance of deposits probably formed, in part at least, by 
precipitation in an inland sea, we may take the Magnesian 
Limestone and its associated beds of the north-east of 
Eimland. 

This formation consists of Limestones more or less mag- 
nesian, Red Marls and Sandstones, and Gypsum ; parts of it 
are fossiliferous, but the number of species is small, and 
the individuals are many of them puny and show strange 
variations from their normal form. On these and other 
pounds we are led to look upon the group as an inland sea 
deposit, and, when we come to examine its members 
separately, we can form some notion of the succession of 
events that led to their formation. The group shows the 
following main subdivisions beginning from the top : — 

6. Upper Limestone or Brotherton Bed®. 

4. Red Maris and Sandstones with Gypsum. 
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3. Small-grained Dolomite. 

2. Sandy Magnesian Limestone. 

1. Quicksands, and Marls with thin beds of Mag- 
nesian limestone. 

The lowest division is mainly of mechanical origin and 
seems to have been deposited before concentration had gone 
far enough to produce general precipitation. The quick- 
sands occur in local patches of small extent and show 
marked current-bedding; they are probably portions of 
deltas spread out wherever a stream entered the lake ; the 
marls were formed out of muddy sediment further within 
the area, and the thin bands of impure magnesian lime- 
stone that are interbedded with them were probably thrown 
locally in pools, where the solution became concentrated 
enough to give rise to precipitation. 

The second divisi(m is an extremely sandy Magnesian 
Limestone ; the sand must have had a mechanical origin, the 
dolomitic portion was probably a chemical precipitate. We 
may therefore suppose that during the formation of this por- 
tion precij)itation and the deposition of sandy sediment went 
on together. Some of the beds of this subdivision however 
show numerous traces of animal remains : these may 
have been organic limestones formed when the water 
became for a time clear enough to allow of creatures living 
in it, and afterwards altered by percolation when the 
water became saturated with magnesian salts. It is in 
this division that most of the fossils occur : they have as a 
rule the character already mentioned, but it is important 
for our present purj)ose to note that one mollusc, Axinm 
ohscurm, forms an exception to this rule : it occurs of ^at 
size and in considerable numbers, and would seem to nave 
been a hardy creature that could stand almost anything 
and live almost anywhere. 

The third division differs from that below it in containing 
a much smaller admixture of mechanical matter, in parts 
probably it approaches very nearly to a true Dolomite. 
During its formation therefore precipitation must have 
gone on vigorously. Except a few traces in its very lowest 
beds this limestone contains no fossils, and the meaning 
of this evidently is that the increasing concentration of the 
solution, which was the cause of the greater purity of the 
rock, was too much even for the hardy creatures that had 
struggled on during the deposition of No. 2, and that all 
anim^ life was either lullea or driven away. 
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During tlie deposition of No. 4 mechanical action pre- 
dominated, but the beds of GFypsum show that chemical 
agency was also at work. 

The Limestones of the topmost division are in many 
cases scarcely magnesian at all, and they contain a few 
sadly stunted fossils. During their formation therefore 
the water must have been so far free from magnesian salts 
as to be j ust habitable. It is curious that the only three 
species of shells found in this division occur also in No. 2 : 
these we must suppose escaped destruction when the water 
became unbearable during the formation of No. 3, struggled 
on in some sheltered nooks or comers, perhaps some way 
up the rivers, and came back into tlie lake when matters 
began to mend a little. As we should exx)ect, among the 
survivors is the shell which showed so robust a constitution 
during the formation of No. 2, Aximts ohsmrm ; but even 
this tough fellow had evidently had a hard time of it, for 
he comes back very much dwarfed in size. 

The formation of this group of rocks then may be sup- 
j>osed to have taken jdace in an inland body of water fed 
by streams which brought in both mechanical sediment and 
matter in solution. As time went on the water would 
become more and more strongly charged with dissolved 
matter, and accordingly as we ascend from lower to higher 
beds we find the rocks growhig more and more chemical in 
their character: at the same time all traces of life dis- 
ax)X3ear becaiise the increasing concentration killed or drove 
away such animals as had managed for a time to struggle on. 
When, later on, the proportion of obnoxious salts decreased, 
a few of the animals which had found some sheltered spot 
where they could live, came back, but they show by their 
2 )uny size how hard had been the struggle they had gone 
through in the meanwhile.* 


D. — ^Teerestuial Eocks. 

We do not propose to add anytliing hero to what has 
been said on the subject of Terrestrial rocks in the last 
ehax)ter. It is hoped that the descriptions there given will 
enable the reader to recognise an old land surface, when- 
ce er by a hai)py accident such a relic has been sealed up 
among rocks and handed down to the present day. 

Applioatiou to a particular instance. — We wiU con- 

^ * For further details respect- Geological Society of London, 
mg these rocks, see Quart. Joura. xvii. 287. 
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elude this chapter by an example of the way in which the 
principles laid down in it enable us to map out the distri- 
bution of land and sea that existed, and to determine the 
changes in physical geography that happened, during a 
period in the earth’s lifetime long past by. The group 
of rocks known to geologists as the Triassic forma- 
tion will serve our purpose admirably, they have been 
traced and identihed over a very large part of the world ; 
as we follow them from place to place we find them con- 
tinually changing in character, and the form they assume 
at each spot tells us in unmistakeahle language what were 
the physical conditions in that quarter during the time of 
their fonnation. 

In England this formation consists exclusively of Eed 
Sandstones, Shales, and Marls. It contains tliiek lenticular 
masses of Bock Salt and Grypsum. No marine fossils have 
been found in it, but it yields remains of plants and 
terrestrial reptiles, with fishes and minute crustaceans. Its 
beds show plentifully ripple-marked and sun-cracked sur- 
faces, with pseudomorphs of salt, and occasionally reptilian 
footprints. All these charactere lead us to look upon the 
English Triassic rocks as having been formed in inland 
seas, and to conclude that the area they occupy was part 
of a broad continental tract diversified by large closed 
sheets of salt water. 

The beds just described pass upwards into a thin band 
of shale, sandstone, and limc^stone known os the Penarth 
beds, which contain some marine fossils. The character 
of these rocks shows they were formed in shallow water, 
and their fossils prove that land was not far off, for besid(‘s 
the marine forms they include the remains of terrestrial 
mammals. The group puts on more and more pronounced 
littoral characters as it is traced westwards. The Penarth 
beds pass insensibly into a more purely marine formation 
called the Lias. This group of rocks t^s us, that after a 
while the continental area of Triassic times was gently 
submerged, that the sea stole over it from east to west, not 
reaching beyond the south-west of England during the for- 
mation of the Penarth group, but gradually extending its 
range as Lias times drew on. 

When we come to the Triassic rocks of Central Europe, 
we find them more complicated than their English repre- 
sentatives. A large part of them are Bed Sandstones and 
Shales containing chemical deposits of Bock Salt, Gyj)sum, 
and Dolomite, which seem to have been formed in Mand 
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bodies of salt water ; but interstratified with these are many 
beds containing marine fossils ; amon^ the most conspicuous 
of the marine intercalations is a thick mass mainly com- 
posed of limestone, called the Muschelkalk. Thp inference 
to be drawn from these facts is, that during Triassie times 
the centre of Europe was in the same condition as England, 
a continental tract with large salt lakes ; but there was 
this difference between the two cases : in England we have 
no proof of the presence of the sea, while here we have 
evidence that the sea was continually making incursions 
over the land. The longest and most important of these 
submergences was that during which the Muschtdkalk was 
f<^rmed, and by noting the directions in which that group 
loses its calcareous character and puts on a littoral ty2>e. 
we can determine how far the sea encroached. Above all 
these rocks comes a band corresponding in every rea];)ect to 
the Penarth beds of our island. 

Going still towards the cast we find the Triassie beds 
under yet another form. In the Eastern Alj )8 and Lom- 
bardy they consist of thicjk masses of limestone, swarming 
with marine fossils, and it ih only in their lowest division 
that they contain any beds likely to bo of inland sea origin. 
Here then there must have existed, during the greater 
l)art of the Triassie epoch, an open ocean, in which great 
masses of organic limestone grew up. It is worthy of 
note that the fossils found in the marine intercalations of 
the Trias of Central Europe are also met with in these 
easterly calcareous equivalents. Above these limestones 
come the Kossen beds, a group which corres^ionds to the 
Penarth beds of England. 

Putting all these facts together we arrive at the conclu- 
sion, that during Triassie times the physical geography of 
what is now Europe was as follows. To the east there was 
a broad open ocean and to the west a continent with large 
salt lakes, and the limestones of the eastern area were 
accumulated in the one at the same time that the inland 
sea dej)08its of the west were being formed over the other. 
During the whole of the period there were oscillations of 
level, in consequence of which the sea from time to time 
advanced over parts of the land surface and then retreated, 
uut none of these incursions reached as far west as England. 
Whenever the sea spread itself westwards, it would bring 
with it out of the eastern ocean tliose forms of life which 
were of a migratory turn, and hence the fossils found in 
the marine intercalations of the centre of Europe are also 
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met with in the limestone of the Eastern Alps : other forms, 
not so ready at shifting their quarters, are peculiar to the 
latter. Finally the tendency of the sea to push westwards 
cuhninated in a general submerpnce, which covered the 
land as far as the south-west pi England with a shallow 
sheet of water in which the Penarth beds were deposited ; 
and a continuation of the depression resulted in producing 
the still more widely spread Liassic ocean* 



CHAPTER YI. 

VOLCANIC HOCKS. 

Interdum ajaram pf oruxnpit ad sethera nubem, 

Turbine fomantem piceo et candente favilla ; 

Interdum scopulos avulsaque viscera mentis 
Erigit eructans^ liquefactaque saxa per auras 
Cum gemitu glomerat.** 

VmoiL, 

SECTION L— CAUSE OF CRYSTALLINE TEXTURE. 

W E may next turn our attention to the aecond great class 
of rocks, those namely which are characterised by a 
crystalline texture. 

Origin of Crystalline Bocks. — The first consideration 
to guide us in our researches into the method of formation 
of these rocks is the fafct that bodies crystallise, when they 
are precipitated from solution or when they solidify from 
a state of igneous fusion, provided the process in either 
case be slow and gradual. 

With regard then to the origin of Crystalline rocks we 
have two hypotheses to try, either they have been precipi- 
tated from solution or they have cooled down from a fused 
condition. The former of these two notions was for some 
time favoured by geologists; the constituents of these 
rocks were supposed to have been somehow held in solution 
in some sort of ocean, and in some way or other to have 
been precipitated from the dissolving menstruum. Such 
an hypothesis involved wild and improbable assumptions ; 
but what told against it more strongly was the fact, that a 
very cursory examination of the Crystalline rocks sufficed 
to show that many of them possessed sundry striking 
l)oints of resemblance to those products of igneous fusion, 
which are poured forth by modem volcanoes or are formed 
artificially by the action of heat ; and the more closely such 
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rocks were studied, the more numerous did these points of 
reSembl^ce become. 

Before goin^ oey farther we will take a particular 
instance, and give a sketch of the line of reasoning, which 
in that case leads us to believe that a CiystaUine rock was 
formed in the same way as the lava of modem volcanoes. 

Let us examine a specimen of Crystalline rock which 
possesses the texture ^eady describe as Vesicular. Its 
surface is full of bubble-shaped holes, and if we can form 
any reasonable conjecture as to the manner in which these 
holes were produced, we shall have made considerable way 
towards explaining the origin of the rock. It may be that 
we notice by the roadside a heap of stones, some of which 
show just the same vesicular structure as our specimen. 
We ask the stone-breaker where they came from, and 
learn that they have been brought from a neighbouring iron- 
works, and are called slag. Inquiring at the works how 
this slag is produced, we leam that it escapes in a molten 
state from the furnace and is allowed to cool in the open 
air, and that the cavities are caused by the boiling up and 
escape of contained gas. Here then we get a clue, but 
before we can safely conclude that our specimen was 
formed in the same way, we must make sure that there is 
something in Nature’s workshop which corresponds to the 
blast furnace, and is capable of pouring out molten matter 
similar to that of which our specimen is composed. We 
find the requisite engine in a volcano ; and, on comparing 
the hardened surface of lava streams with the specimen, 
we find them to agree not only in being vesicular, but in 
so many other respects besides, that we have no hesitation 
in concluding that the rock from which the specimen was 
taken is an old lava-flow. 

On such general grounds then, and on the strength of 
more detailed considerations to be explained in this chapter, 
we are quite justified in concluding that a large body of 
the Crystalline rocks were once in the same semi-fused 
state as modem lavas, and that they have been formed in 
the same way and under the same conditions as the lava- 
sheets that are poured out by active volcanoes. To such 
we give the name of Volcanic rocks. But there are 
other Crystalline rocks to whose formation such an ex- 
planation will not exactly apply. 

One group, of which Granite is the type, while they 
agree with subaeiial lavas in their crystalline texture, 
differ from them in several essential particulars, the most 
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important of which is that they never show the vesicular 
and slaggy textures which are universally present in those 
products of volcanic fusion which have cooled and hardened 
in the open air ; and though there can be no doubt that they 
and lavas are closely alli^, the conditions under which the 
two were formed must have been widely different. 

Another class, equally crystalline, which are usually 
styled Metamorphie Rocks, can be shown to owe theix 
crystalline texture to the action of heat, but have certainly 
never been even so fluid as lava.’*^ 

These three subdivisions are established on sound 
grounds, and may be usefully employed, but the bare fact 
that heat has played an important part in the formation of 
the rocks of each, raises a suspicion that the difference 
between them may be after all one of degree and not of 
kind. It seems not unlikely that a rocjk may have been in 
one case rendered crystalline without being melted, and so 
what we caU a Metamorphie rock has been produced ; and 
that in other cases the very same rock has been more 
intensely heated and melted down into a semi-fused lava. 
That the process, in a word, which gave rise to Mota- 
morphism, when canied further, has resulted in the 
production of lava. And further, the many points of 
resemblance between Volcanic and Granitic rocks suggest 
the idea that they are both essentially lavas, and that the 
differences between them are due to the conditions under 
which they cooled. For we must recollect, tliat, besides the 
rocks produced by the ejection of matter by volcanoes into 
the open air, which we can see, there are others in the course 
of formation by the same agency underground, which we 
cannot see : these we can easily realise will differ in com- 
pactness and other respects from subacrial products, and it 
is among these we shall find that we must look for the 
analogues of the Granitic and other allied rocks. And 
this leads us to repeat a remark already made, that the 
inquiry into the origin of Crystalline rocks is by no means 
so easy as the corresponding investigations in the case of 
sedimentary deposits. In me latter case the whole process 
of formation goes on we may say before our eyes, and 
every step in it can be observed and recorded: but th.e 
causes wliieh have riven rise to Crystallino rocks have 
their seat of action below the surface, and we can only 

• Since heat has been con- styled ** Igneous ; *’ but this term 
oemed in the production of all is usually restricted to the Vol- 
these rooks, they might ell be canic and Granitic rocks. 
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infer what Is its probable mode of operation there from 
the partial manifestations of its energy, which take place 
when it breaks forth ioto eruption in the open air. 

It was desirable to give me reader a hint as early as 
possible that the tliree classes of Crystalline rocks just 
mentioned are in a manner akin to one another ; but he 
must not expect to see clearly all the grounds on which 
the suggestion is based till he has gone through this and 
the next two chapters. 

In the case of stratified rooks we found that some of 
them differed in no respect whatever from bedded accumu- 
lations now in the course of formation: in other cases, 
with many points of resemblance b(>twoen the two, differ- 
ences do exist, hut these differences were shown to be 
due to the changes which had been wrought in the rock 
during the long time that had elapsed since its forma- 
tion, and they therefore in no way shook our belifd’, 
that tlie rock was originally just such as the mod(u*n 
deposit, vkich it still resembles in many points. Just so 
many of the rocks now^ under consicleration can be in 
no respect distinguished from the products of active 
volcanoes : in other cases, though the resemblance is vt?ry 
close in certain points, the parallel is imperfect in others. 
We shall see however that even in the case of the latter 
■we are not necessarily driven to conclude that they had 
other than a volcanic origin, for, just as in the case of 
secHmentaiy rocks, alterations since the date of formation 
may have given rise to the differences. 

We shall in tliis chapter deal mainly with those Oiystal- 
line rocks which a])proaeh closely the molten products of 
modem volcanoes. And it will be convenient to consider 
along with these other rocks, not Crystalline, which are 
formed wholly or in part of fragmentary matters showered 
out by volcanoes. 

One word of Tvaming, before we go any farther, will 
be desirable. The reader may have noticed that we have 
spoken of the imperfecrt fluitoy of lava. It is impor- 
tant that he should realise at the outset that lava is not 
molten in the same sense as iron when it flows out of a 
furnace. It is in most cases only partially fused, and 
owes its power of flowing in large measure to the fact that 
it is full of steam. Dry heat therefore and heated water 
hoth have a share in its formation, and it is to the assist- 
ance of the latter that it owes to a great degree its crystal- 
line texture. The formation of crystals by heat alone is 
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distinguished as the dry wmj by water or someiiquid, 
as the wet way and when both act together the process 
is known as ^^ hydrothermal aetion,^^ It is to the last that 
the formation of lava is due, and though we may for 
shortness speak of the fusion of lava or of fused masses of 
i^eous rock, we must always recollect that such expres- 
sions are strictly incorrect, and we must never for a moment 
forget that water as well as heat was always present.^ 

SECTION II.— PHENOMENA AND PRODUCTO OF 
VOLCANIC ACTION. 

Since we are led to look to volcanic agency for the 
source of many of the igneous rocks, it will be necessary to 
study the action and products of modem volcanoes, if we 
would understand fully how these rocks were formed. 

Volcanic eruptions occur sometimes through vents which 
have previously given exit to similar outbreaks, or they 
burst forth on spots where they have been liitlierto un- 
known. In either case tlioy are heralded, whenever they 
are of a severe character, by earthquakes, more or less 
violent, but confined to the neighbourhood of the vent, and 
by underground explosions resembling the rolling of mus- 
ketry or the fire of heavy artillery. 

After a while the ground is rent asunder, and fissures or 
(jrificGs torn through it. From these there rush up with 
loud explosions bodies of dastic vapour, which rise high 
into the air in the shape of a colimm, and spread out, as 
they condense, horizontally in cloud-like masses. 

The elastic fluids carry up with them fragments of the 
rocks through which they have tom their way, and these 
falling back are again and again shot up, till they are 
reduced by continued trituration to dust and powder 
known as Volcanic Ash. Part of the ejected materials falls 
back into the vent, part accumulates around the orifice and 
is piled up round it in a mound, and as layer after layer is 
added to this heap, a conical-shaped hill is gradually built 
up, through the middle of which a channel or chinmey 
is kept open by the repeated discharges of vapour, 

♦ On the share which water possible to praise too highly the 
has had in the formation of Cr>'8- exquisite clearness and extensive 
talline rocks, see Belesse Re- research of this author, but now 
r.bercbes sur roriginedes Roches*’ and then he rides his hobby 
and “ Etudes aur le Metamor- somewhat hard, 
phisme dea Roches.” It is im- 
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After a while a mass of half-molten rock, or lava, which 
has been all the time boiling up from below, weUs up the 
central chimney, and, on reaching the summit, streams 
over the edges and down the sides of the cone, forming, as 
it cools, irregular layers that mantle round it. Over these 
fresh coatings of ejected ash are heaped, and are in turn 
covered by other flows of melted rock, either from the top 
of the chimney or from openings burst through the flanks 
of the cone. 

The violent paroxysms, which accompany the eruption, 
sometimes rend and tear open fissures in the cone ; into 
these lava is forcibly injected, which on hardening forms 
ribs of rock known as dykes.’* 

Producing Causes of Volcanic Eruption. — We can 
explain only very imperfectly how the phenomena just 
described are brought about, but thus much is clear. 
There is beneath the surface a large mass of the intensely 
heated lava : whether this lava has risen from some deep- 
seated reservoir of permanently molten matter, or whether a 
sudden accession of heat has melted down part of the solid 
crust of the earth, we don’t know and do not seem likely to 
have any means of knovdng ; all we can say is that the 
lava is there. Along with it there is water in the state of high- 
pressure steam, whose tension is continually increasing as 
the temperature rises. The expansion of the lava and the 
elastic force of the vapour, in their attempts to force a way 
through the rocks that hold them back, cause the prelimi- 
nary earthquakes and underground detonations. At last 
an outlet is gained, and then with a tremendous burst the 
imprisoned steam flashes forth in repeated explosions. In 
the meantime the vapour still retained within the body of 
the lava forces the latter upwards till it meets with an 
opening, from which it continues to escape till the pressure 
is so far abated as to be unable to produce any further 
flow. 

Stmcture of Single Cone. — The cone produced in the 
manner just described consists of alternating sheets of ash 
and lava mantling irregiilarly over one another, and all 
dipping outwa/rds from the centre. Fig. 34 is a vertical, 
and Fig. 35 a horizontal section or ground plan, of such a 
cone. The successive ejections of fra^entary materials 
or ash are seen to be arranged in irregular layers wrapping 
over one another, and all dipping outwards from the central 
axis ; interbedded with these are sheets of hardened lava 
with a similar arrangement: cracks radiating from the 
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centre and fifled up with lava form a number of dykes 
intersecting the cone: lastly in the middle is a pit or 
chimney, called the crater, filled up with a mass of lava. 
The vortical section shows the outward dip of the layers ; 



Fig. 84. — VsKTIOAL SbCTZOH op BIMOLB VoLCANIC CoNB. 


while in the horizontal section we see their arrangement 
in rudely concentric circular sheets round the axis, and the 
radial disposition of the dykes. 






Ashei. Sheets of letra. 

Fig. 85. — Hobizontal Sbotion 



Dykes of Xavo. Detritus in 
Crater. 

OP 8»GLB Volcanic Conb. 


Cesratioa and Bepetition of Brnption. — When the 
accumulated mass of vapour, which was the cause of the 
uption, has discharged itself, a period of repose follows, 
and wiU be either permanent or broken by fresh eruptions 
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according to circumstances. If there be no fresh accession 
of heat beneath, the volcanic action will grow fainter and 
fainter, till it at bist dies away altogether and the volcano 
becomes exinct. If heat be stiU supplied, but uniformly 
and in moderate de^e, and if nothing happen to stop up 
tiie chimney, the voloano passes into a state of permanent 
gentle eruption. The chirnney however may become choked 
in many ways. Atmospheric denudation may wash down 
into it the loose materials of the cone,* or it may become 
plugged up with hardened lava. Whenever from these or 
other causes the outlet for heat and its products is closed, 
vapour and lava again accumulate, and at last another 
eruption becomes necessary to release them. A repetition 
of eruption may also be caused, without the vent being 
closed, by a sudden accession of fresh heat below. 

Thus it frequently happens that eruption follows upon 
eruption, and at each ^ive period the heap of ejected 
materials is added to, till the original cone grows into a 
mighty moimtain. The outbursts sometimes take place 
aU of them from the same orifice, and then the volcano, 
whatever its size, consists of only one cone of considerable 
regularity of outline. But more frequently each fresh 
eruption gives rise to new vents, in which case the volcanic 
mountain contains a confused assemblage of cones grouped 
round a central peak. 

Trancatiou and breaching of Cone : Production of 
Crater and Cone within it. — As yet wo have looked on 
successive eruptions as continually adding to the mass of 
the mountain, but such is by no means always the case. 
When the volcano has attained a certain heiglit, it fre- 
quently happens that its sides are not strong enoTigh to 
support the pressure of the column of lava in the chimney. 
The molted rock then forces out a way for itself through 
openings tom in the flanks of the cone, or sometimes 
breaks down the whole of one side of the mountain. The 
result is a cone breached by one or more great radial 
valleys. 

The paroxysms too, that accompany the more violent 
outbursts, often blow away bodily into the air a large part 
of the cone, and tear open a huge crateral hollow, reach- 
ing far down into its heart. And in this way much of 
the work, which previous eruptions have performed towards 

* In Fipr* 34 the interior of the by faint dotted lines, and is ar- 
crater has been partly filled up ranged in layers dipping inwards 
in this way : the detritus is sho^tn towards the centre of the cone. 
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btdlding up a volcano, is xindone by a single explosion. 
If there be no re|>etition of volcanic energy after such a 
catastrophe, the hill retains the form of a truncated, saddle- 
backed cone ; but frequently subsequent eruptions pile u^) 
new cones within the old crateral hoUows, and the volcano 
then consists of a truncated mountain with a huge hoUow, 
girt by vertical faces on its inner side, in the middle, and a 
central peak or peaks standing on the floor of this hollow. 
This latter form is extremely common and peculiarly charac- 
teristic of mountains of volcanic origin. 

Fig. 36 is an ideal section of a composite volcanic .group 
formed by the different methods iust described. The 
central cone is in full eruption, ana from it the greater 
part of the discharge is taking place. To the left is a cone 
of which a large part, shown by dotted lines, has been 
blown away, and an immense crateral hollow formed : this 
hollow has been partly choked up with debris, but the 



Fig. 37. — BAsasy Islaitd, apteu Scnors. 

eruption in progress has reopened the vent, and is heap- 
ing up a new cone within the old crater. To the right of 
the central cone is an old cone quite quiescent, the chimney 
of the crater being plugged with hardtmod lava, and the 
upper part filled in with debris. Still farther to the right 
are other cones, each marking the position of a distinct 
vent. One of these forms a dome-shaped boss and con- 
sists wholly of lava ; its peculiar form is owing to the fact 
that the melted rock, of which it is formed, issues in a 
semi-fluid pasty state, and escapes in thick treacly layers, 
which cool and harden, as they slide dowm the edges of 
the mound, before they have travelled far from the vent. 

The view of Barren Island in the Bay of Bengal (Fig. 
37) shows well several of the alterations in form to which 
volcanic mountains are liable. Here the original cone, the 
approximate outline of which is shown by dotted lines, has 
been breached by a rent which has tom open the valley 
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facing til© spectator ; it has also been truncated by an erup- 
tion which carried away its upper part and blew open the 
great hollow in the centre : afterwards a repetition of dis- 
charges has piled up the still active cone within the hollow. 

Subsidence after Cessation of Sruptions. — seems 
likely that in many cases after a volcano hcus become 
extinct it has subsided to a considerable extent, the sinking 
having been most considerable around the vent and dying 
away gradually in all directions outwards. In consequence 
of this movement the beds around the chimney of an old 
volcano have been bent out of their original position, and 
show a dip inwwrd% towards the central axis.’*^ 

Dispersion of Ash and flow of !Lava beyond the 
Cone: Prolonged Dykes. — So far we have considered 
only that part of the products of an eruption which go to 
the building up of the volcano : these however in most 
cases form only a small part of the whole discharge. The 
ashes and other ejected materials are often cast forth far 
over the surroundmg country, and, when finely divided, ai*o 
carried by the wind to enormous distances. The lava 
streams extend far beyond the base of the cone, covering 
in some cases hundreds of square miles of country, and 
even pursuing their course over the sea-bottom. We have 
not the same opportunities of tracing the extension of 
dykes, as we have in the case of Buba<?rial products, 
because they are formed beneath the surface, but there is 
every reason to believe that they are not confined to the 
cx)ne itself. In many cases volcanic matter has been ob- 
served to be emitted from a number of vents ranged in a 
straight line for miles across the country; and it seems 
reasonable to suppose that such points of escape lie on a 
great underground fissure injected with lava, the cooling 
of which, on the cessation of the volcanic activity, will 
give rise to a prolonged dyke, similar to those which may 
be observed on a smaller sc^e in the walls of the cone 
itself. Thus in the eruption of Etna in 1669 ‘^a fissure 
six feet broad, and of unknown depth, opened with a loud 
crash, and ran in a somewhat tortuous course to within a 
mil© of the summit of the mountedn. It emitted a most 
vivid li^ht,’’ from which we may conclude that it was 
fihed with melted lava, which on hardening would ^ve 
rise to a dyke. ‘^Its length was twelve miles. Five 

* Darwin, Volcanic Islands, p. xvi. 244 ; Judd, Ibid,, xxx, 267 ; 
9 ; Sorope, Volcanoes, p. 226 ; Krug von Nedda, Karsten’s 
H( apy, Quart. Joum. Geol. Soc., Arcbiv, vii. 247. 
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other parallel fissures of considerable length afterwards 
opened one after the other.”* 

A similar case occurred in the eruption of Skaptar Jokul 
in 1783, *‘Lava was emitted consecutively at several 
points on a linear range of two hundred miles. No doubt 
an underground fissure of this length at least Was injected 
with lava by that eruption, and remains now as a dyke 
traversing the substrata.”! 

Submarine Xiruptions. — ^Volcanic outbursts take place 
from the sea-bed as well as on dry land. We have not 
the same opportunities of examining the former class of 
eruptions as of the latter, but enough is known to warrant 
the belief that the two differ in no essential respect what- 
ever. The fiow of lava beneath water, thou^ at first 
sight an unlikely occurrence, has been repeatedly noticed. { 
At first contact a certain amount of vaporization takes 
place, but a crust rapidly forms round the lava, which 
prevents the water coming in contact vith the molten 
interior of the stream, and in consequence of its low con- 
ducting power checks tlie escape of heat. In this way a 
constantly lengthening tunnel is formed, within which the 
molten matter pursues its course often to large distances : 
and if the discharge take place in deep water, it is con- 
ceivable that the pressure of the overlying fiiiid will cheek 
the escape both of elastic vapour and of heat from the 
lava, and so keep it fluid for a longer time, and cause it to 
spread out in wider and more regular sheets, than if it 
had flowed out in the open air. 

Volcanic Products. — ^We will now look a little more 
closely at the products of Yolcanic Action. They may be 
subdivided into — 

(1) Molten or Lavas. 

(2) Fragmental or Ashes. 

(3) Gaseous. 


(1) Lavas. 

PlTudity. — The degree of fluidity of lavas varies con- 
siderably, but it is rarely, if ever, the case that it is in a 
state of i)erfect fusion. § Some lavas which have hardened 

♦ Lyell, Principles, 10th ed., § In the case of a metal in a 
vol. ii, p. 21. state of perfect fusion, it is con- 

t Scrope, Volcanoes, p. 52, ceived that no particle of finite 

i Ibid., p. 92. dimensioue retains its solidity. 



WATEE IK LAVA. 


225 


into a glass have probably made the nearest approach to 
this state, but in the majority of cases fluid lava seems to 
consist of a mass of crystals and other solid particles enve^ 
loped in a pasty, imperfectly fused mass which is permeated 
throughout by superheated steam and other gases. It is 
the presence of these elastic fluids that gives to most lavas 
their apparent liquidity, and the ability to flow in streams ; 
they move indeed somewhat for the same reason as a mix- 
ture of sand and water, which will run down a slope on 
w hich dry sand would lie. 

Mr. Scrope has aptly compared lava to certain stages 
of the manufacture of sugar, when the matter consists of 
a soft mass, or * magma ’ of granules or imperfect crystals 
enveloped in a liquid (sjrrup), which, being subsequently 
dried by evaporation or drainage, consolidates into a hard 
substance formed of interlacing crystals. 

Of the presence of water in lava there is abundant proof. 
The column of vapour which rises from the crater during 
a volcanic eruption, when not carried away by wind, con- 
denses and falls as rain ; great clouds of steam rise from 
the surfaces of cooling lava-flows, and large bubbles can 
be observed making their way to the top and bursting out 
ill steam-jets with incessant explosions. It is the bubbling 
up and ew^ax^o of this vapour that fills lava with the cavities 
and vesiclf^ that are so charac^teristic of it, specially over 
its upper surface. Some of the minerals, too, which occur 
crystallised in lava have been formed artificially in the wet 
way, while all attenqits to produce them by dry heat liave 
failed ; and this is a strong argument in favour of the j)r(*- 
seiiee of water in the roefc where they occur. Lastly, a 
microscopical examination of lavas shows them to bo full 
of small clfised cavities which still contain water. Some 
difficulty may at first be exx)erienced in undeistanding how 
water can exist in the midme of a mass so intensely heat(‘(l 
as lava ; a much lower temperature, it might seem, would 
be sufficient to vaporise it and expel it as steam. But it 
must be recoUectea that the temperature at which w ater is 


In the case of fluid lava, it is sup- 
posed that a large portion of the 
tnass consists of small but finite 
particles, which retain severally 
their solidity, while thtdr relative 
mobility is maintained by the 
lemaining portion of the mass in- 
tervening in a more perfect state 
of fluidity between the solid par- 


ticles, and consisting partly of 
internal elastic vapours, which h/ 
their ascending movemonts keep 
the component particles in a con- 
stant state of ebullnion.” — Hop- 
kins, Report on Elevation and 
Earthquakes, British Assoc. I847. 

♦ Volcanoes, p. and pp. 

121 , 122 . 
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converted into vapour depends on tlie pressure to which it 
is subjected ; increase the pressure, and you raise the boil* 
ing point. Deep down in the volcimic focus the weight of 
the overlying lava will evidently exert an enormous pres* 
sure on any water that may be wesent. Possibly this 
pressure may be sufficient to keep nie water still liquid, in 
spite of the intense temperature*; possibly it may not be 
able to prevent the formation of steam, but only to check 
its escape. In the first case, if the pressure be sufficiently 
relaxed, the water will flash suddenly and with violent 
explosion into vapour; in the second, under similar cir- 
cumstances, a mass of high-pressure steam will rush out. 
When the struggles of the imprisoned vapour to get free 
have raised the lava sufficiently near the surface to produce 
the requisite decrease in pressure, one both of these 
results is produced, and the explosions from the crater, or 
the outbu^s from the surface of the lava stream, are the 
result. We must also bear in mind, in connection with the 
present subject, that there are circumstances under which 
water, even under an absence of pressure, may be exposed 
to high temperatures without being vaporised. If water 
be dropped on highly heated surfaces, it is not converted 
into vapour if the temperature be sufficiently high, but 
rolls about in a spheroidal meuss and slowly evaporates 
without boiliug. Possibly water may exist within heated 
lava in this spheroidal condition. It is also known that , 
when a fluid is shut up in a closed space and heat is 
applied, the pressure of the vapour produced is able to 
keep a portion of the fluid still liquid up to temperatures 
far above its boiling point at ordinary atmospheric pressure. 
Under such circumstances, M. C. de la Tour raised water 
to a temperature of 773° F. before it became wholly con- 
verted into vapour. 

The fluidity of any lava stream will depend on its com- 
position and the temperature to which it is subjected; 
oateris parihm^ lavas of a basic are more easily fusible than 
those of an acidic composition; hence the former often 
issue in a state of sufficient fluidity to allow of their flow- 
ing to considerable distances, and it is lavas of this class 
that as a rule form the longest and most extensive streams. 
The acidic lavas on the other hand furnish the most strik- 
ing instances of imperfect fluidity; in some cases they 
ascend in such a thick pasty state, that they consolidate 
in dome-shaped mounds immediately around the vent; 
given heat enough, however, even the most highly acidic 
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lavas attain n high degree of fluidity, and give rise to flows 
of considerable cUnaenBioziB. 

KotioA of iMn Streams, and Texture of their 
diSierent Tarts.— On account of its pasty condition and 
the rapid cooling of its exterior surfaces, the motion of a 
lava stream diners considerably from that of a perfect 
fluid. The ^ surface hardens into a crust of slags and 
cinders, which on account of its low conducting power 
checks the escape of heat from the interior of the mass, 
and allowB the central part of the flow to preserve its 
liquidity and capability of motion for long periods. The 
loose scoriaceous covering is carried forwara by the flow 
of the central fluid i)ortion, and falling over the front of 
the stream forms a pavement across which the still molten 
internal portion advances. At the upper surface of the 
stream also, the bubbling up of the contained elastic fluids 
fills the hardened crust with cavities and vesicles. The 
interior portion, which cools slowly and under a certain 
amount of pressure, is more compact, and as we approach 
the centre the texture frequently becomes more and more 
coarsely crystalline. A section of a hardened lava stream 
accordingly often shows a cindery base, a dense and 
crystalline centre, and an open and vesicular top. The 
upper surface also frequently assumes a ropy structure 
from the slow dragging out of half-cooled viscid portions. 
We shall see, when we come to the description of the 
ancient igneous rocks, that some of them present exactly 
the same peculiarities, and must therefore have been 
subaerial lava flows. 

Where lava is forcibly intruded through other rocks, the 
pressure to which it is subjected prevents the formation of 
cindery or scoriaceous texture. The bounding surfaces 
of the intrusive mass cool too rapidly to allow of the 
formation of crystals, and are usuaUy dense and compact ; 
the centre, which cools more slowly, shows a more crystal- 
line texture. 

But, though there can be little doubt that in many cases 
it is the rate of cooling which determines whether a lava 
shall consolidate into a coarsely crystalline or a compact 
rock, the student must not jump to the conclusion that 
every coarsely crystalline rock he meets with necessarily 
owes its texture to its having cooled slowly. There are 
lavas containing large crystals whose superior coarseness 
of grain cannot be accounted for in this way, and in which 
the crystals must have been present in the lava, ready 
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made, so to speak, at tlie time of its emission. And stich 
a supposition presents no difficulty. We have seen that 
most, if not all, lavas consist of a greater or less propor- 
tion of solid particles enveloped in a miacture of imper- 
fectly melted matter and steam, and, in the lavaa we are 
now dealing with, some of the solid particles are well- 
fonned crystals. There are two ways of accounting for 
the presence of these crystals. It is possible that, as the 
lava rises from the intensely heated depths of the volcanic 
focus into higher and somewhat cooler regions, portions 
may consolidate and crystallise while the mass remains in 
a more or less molten condition. Another, and perhaps a 
more likcdy, explanation is as follows. We shall see in 
the next chai)ter that many rocks have been subjected to a 
process known as metamorphism, by which crystals have 
l>een developed in them, though they wore previously non- 
eiystalbne. We are very much in the dark as to the exact 
manner in which the cliange has been produced ; but there 
is little doubt that three necessary and powerful agents in 
bringing it about are heat, pressure, and the presence of 
water. All three of these are at work in the depths of a 
volcano ; and there can be little dqubt that the manufat?- 
ture of crj^stals by metamorphic action must be constantly 
going on in the rocks surrounding a centre of volcanic 
activity. 'V^’hen those rocks are shattered by the throes of 
ftn eruption, we (jan readily imagine that the crystals will 
be shaken loose, and, falling into the more fluid portions 
of the lava, will be carried out when it is discharged, and 
embedded in it when it consolidates. It may not be 
always possible to say whether the crystals in lava have 
b(*en formed during consolidation or previously to emis- 
si(jn, but we must be careful not to lose sight of the 
possibility of coarsely crystalline texture having been pro- 
du<^ed in more than one way. 

Composition of l^va. — From a broad point of view 
there is no essential difference between the minertilogical 
and chemical (jomposition of modem lavas and that of tlio 
Crystalline rocks whi(;h resemble them in structure and 
other respects. Lavas, like Crystalline rocks, have all a 
Felspar, or a Felspatliic mineral, for one of their principal 
ronstituents, and sliow Acidic, Basic, and Intermediate 
varieties. Perhaps no modem lava is so highly silitiated 
as some of the extreme in embers of the Acidic class of the 
Chystalline rocks, and there are certain minerals found in 
modem lavas which dp. not occur in tlie latter. Some 
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geologists have endeavoured to show, on the strength of 
such facts as these, that the volcanic products of every one 
of the past periods of the earth’s lifetime have each been 
characterized all the world over by some peculiarity in 
mineral composition ; so that if we find igneous rocks in 
diherent parts of the world agreeing in tins reg^ect, we 
may safely conclude they are of the same age. We must 
hesitate before we accept these conclusions, for several 
reasons. The facts on which they are based are certainly 
open to question ; the reasoning by which they are sup- 
ported, involves many very doubtful assumptions ; and, 
what is most fatal to them, they altogether i^ore the pos- 
sibility of gradual change in mineral composition after the 
formation of the rock. That such changes have taken 
place we have abundant proof ; and, if this point is once 
admitted, the value of mineral composition as a test of age 
goes at once.’*^ To take one instance, Leucite is a mineral 
extremely common in some modem lavas, but for a long 
time it was believed to be entirely absent from the older 
Crystalline rocks. A rock, however, has been detected con- 
taining Leucite, but the larger number of the crystals have 
been changed into Orthoclase.f This single observation 
shows that it is possible that the Felspar of other ancient 
rocks may have been originally Leucite, and that, thougli 
the prevalent mineral of these rocks now differs from that 
of many modem lavas, it may originally have been the 
same. We shall have more to say about the apparent 
want of agreement in mineral composition between the 
older Crystalline rocks and modem lavas at the end of the 
chapter. 

Texture of Lava. — ^The varieties of texture of lava are 
exactly the same as those already described as charac- 
terising Crystalline rocks, and we need not therefore repeat 
the account of them here. 

The structure of lava on a large scale falls next to be 
considered. 

Bedded Structure. — When one flow has had time to 
harden before another has been laid down u^K)n it, lava 
streams assume a rude sort of bedding ; and here we find one 
exception to the generalization that Crystalline rocks are 
unstratified. The beds, however, will be wedge-shaped 
and ill-defined, and more like the irregularly stratified 

* Allport, Quart Joum. Gool. t Ootta, Bocks Classified and 
Soc., XXX. 529. Described, lilnglisbTraiis., p. 143. 
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accumulations of shallow water than the evenly-bedded 
rocks produced by slow and regular deposition of sediment. 

Laminated Sbrnetiire. — liavas occasionally show 
scaly, laminated, or tabular structure, quite distinct from 
the biding produced by successive flows. The cause of this 
structure is believed to be in some cases the frictional drag 
on the particles as they moved slowly over one another 
under pressure, and then it is pamally analogous to 
cleavage; in other cases this stru^ure seems to be one 
produ^ subsequently to emission, and to be due, like 
cleavage, entirely to pressure. It is possible that in some 
cases the divisions may coincide with surfaces of equal 
temperature, and may have been produced by shrinkage 
during cooling. 

Jointiiig and Columnar Stmctnre. — Jointing of the 
ordinary character is very generally present in lavas. 
But in their case two peculiarities require special notice 
under this head. In some lavas shrinkage during cooling 
breaks up the stream into a wild assemblage of irregularly 
shaped Uocks with a surface of indescribable ruggedness. 
Other lavas possess jointing of a singularly regmar and 
pronounced type, widch gives rise to what is known as 
tk>lumnar or Rismatic Structure. The process of division 
has been carried out with almost mathematical exactness, 
and the whole mass is cut up into long prismatic columns 
of three, four, five, or six sides, neatly fitted into one 
another. The prisms are divided by transverse joints, 
and the surfaces of these are frequently alternately concave 
and convex, so that each column is made up of a number 
of portions fitting into one another with ball-and-socket 
joints. The prisms tend to arrange themselves with their 
axes perpendicular to the cooling surface, so that in a lava 
stream they are at right angles to the ground, in a dyke 
at right angles to its walls. 

Many attempts have been made to see through the 
steps of the process by which this i^ructure has been 
arrived at. The reader will find the latest explanation, 
and an account and criticism of the most important of 
those which preceded it, in a paper by Mr. Mallet, in the 
Phil. Mag. 4th ser. voL 1. p. 122. 

Coaeretiosiary Structnra. — Many lava rocks have a 
concretionary structure. Kiis is best brought out where 
they have been exposed to the action oi the weather, which 
brei^ them up into a number of rudely spheroidal balls 
imbedded in the more thoroughly decomposed portions of 
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tlie rook. The nodules are frequently made up of onion- 
like oonoentric coats, which peel off one by one as disin- 
tegration goes on. The columnar lavas with ball-and- 
socket structure pass into the more thoroughly concretionary 
forms.* 

Paralldl between Zgava and Chrystalline Books in 
Strnotnre* — Structures, exactly corresponding to those 
just described as characteristic of modem lavas, are found 
among the older Ciystalline rocks. All show at times a 
columnar structure. It is, perhaps, most conspicuous in 
Basalt, in which rock the columns are thick and regular 
with equi-distant joints. The prisms of Felstones are 
slenderer and less regular, and often stretch to a great 
length without any transverse joints. The same peculiarity 
has been noticed in Granite, at the Land’s End (Trans- 
actions Geol. Soc. of Cornwall, iii. 208), in Algeria 
(^'Comptes Eendus,” xxvi. 76), and in the Syenite of 
Ailsa Crag (MaccuUoch ‘‘Western Islands,” ii. 493). 

Concretionaiy strueture is very conspicuous among 
Dioritio rocks. Quarries on some dykes in Cornwall are 
often dug out to a considerable depth through a mass of 
loose crumbly earth, full of rounded blocks, that at first 
sight looks exactly like an accumulation of coarse river- 
detritus, This, however, gradually passes down into solid 
Dioiite, on the exposed fetoes of which a tendency to break 
up into concretions is clearly seen to be gradually brought 
out by weathering ; and an examination of the loose cap- 
l>mg shows that the incoherent part consists of the more 
easuy decomwsed portion of the rock, and that what might 
be taken for boulders, are the* more stubborn concretions. f 

Pearlstone and globular Felstones are examples of concre- 
tionaiy structure among Acidic Crystalline rocks. In many 
of the older rocks tliis arrangement has been obsc\ired by 
consohdation, but is brought out again when the rock has 
been exposed to the action of the air. 

^ See the experiments of Gre- canoes, 93 ; Naumann, Lehrbuch 
goxy Watt, PhUoBophioal Trans- der Geognosie, i. 480. 
actions, 1804; De la Beche, Re- f I recollect an excellent in- 
searches in Theoretical Geology, stance near St. Budaaux, north of 
p. 109 ; Jukes, Manual of Geology, Plymouth. 

3rd ed., p. 181; Sorope, Vol- 
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(2) FrAGMENTAI* PRODITCm 

The fragmental products of volcamc action am of two 
kinds : first the ejected masses of solid pre-existing rock 
through which the eruption has burst its way j secondly, 
portions of the melted lava, which have been tom off and 
tossed up into the air in a melted or pasty condition, and 
hardened as they fell. Deposits of volcanic ash generally 
consist of a mixture of both kinds of materials, and vary in 
grain from the finest and most impalpable dust to coarse 
accumulations containing angular blocis uj) to several tons 
in weight. Thus, to speak first of the coarser ejectments, 
“by the eruption of Cotopaxi in 1533, the plain around the 
foot of the mountain was strewed through a radius of fifteen 
miles and more with great fragments of rock, many of which 
measured as much as nine feet in diameter” (Scrope, 
“Volcanoes,” p. 55). 



Fig. as. — L akoe angular Bloceb bm bedded in Vuia;anic Abii. 
Kokth Berwick. 


Similar ejected masses occur in rocks of older date but 
the same origin. Pig. 88 shows a group of such blocks 
embedded in stratified ash on the shore near North Ber- 
wick. The waves have stripj)ed off the finer and softer 
parts of the deposit with wliich these masses were 
originally surrounded, but boulders equally large and 
an^ar may be seen hard by, still enclosed in ashy layers 
that have not yet undergone denudation. I Imow of 
nothing which brings home so forcibly to the mind the 
enormous energy of volcanic forces as the sight of these 
huge missiles, and an attempt to realise the power 
necessary to tear* them from their bed and hurl them 
forth broadcast over the country. 
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A large portion, however, of the matter thrown out of 
volcanoes is tossed up over and over again till it becomes 
broken and ground down to stones, dust, and ^wder. Out 
of this finer materia^ together with the portions tom ofi 
the surface of the liquid lava, the greater part of ashy 
formations are made up ; it forms the paste m which the 
large blocks, when there present, are embedded, or it con- 
stitutes the whole body of the deposit. 

The following are the chief terms used in describing 
volcanic fragmentary productions. 

Scori<B are the ragged fragments of lava which have 
hardened into cinder-like forms. 

Bofnhs are portions of lava which have been thrown out 
in a liquid state, and, owing to a rapid rotation in theii* 
path, have assumed a rudely sphericiil shape: they are 
often hollow. 

The smaller fragments go by the general name of Lapilli 
or Vohanic Stones, 

Putzolana is a name given by the Italians to still finer 
volcanic powder ; and the finest dust of all is called in the 
same language Ceneriy or Ashes. 

Struoturo of Subaerial Ashy Deposits. — The struc- 
ture and arrangement of deposits formed out of volcanic 
ejecitions will vary according as the latter fall on the land 
or into water. 

In the first case there uiU be an absence or an imper- 
fect degree of bedding, and a tendency more or less pro- 
nounced to a confused grouping of the materials. 

When a subaerial accumulation of ejected materials con- 
tains many large blocks, and when its components are 
huddled togetlier in a pell-mell way without regard to size, 
shape, or weight, it forms a Volcanic Agglomerate ; and if 
the larger fragments are markedly angular, this peculiarity 
may be denoted by the qualifying term Brecciated. A 
Volcanic Breccia is a rock of similar character, in wliich the 
CH)nfusion and absence of arrangement is less marked. The 
finer fragmentary productions, which float through the 
air often for long distances, settle down more gently and 
regularly, and give rise to deposits with some appearance 
of bedding. The finer ashes in their passage through the 
air often become mixed with water, either rain or condensed 
steam issuing from the volcano ; in this case they cohere 
more readily when they fall, and give rise to a harder and 
more compact rock than that formed by accumulations of dry 
ash. The beds that cover Herculaneum are of this natiure. 
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Ash, too, that has already settled on the ground is often 
tom up and swept away by torrents of rain, or by floods 
produced by the sudden melting of snow or the bursting of 
hikes, and rearranged afresh. In this way a Volcanic 
Breccia may have its larger fragments rounded and become 
converted into a Folemic Conglomerate ; a pile or cone of fine 
loose ash maybe swept away and spread out in a layer over 
the district which surrounds it, and will frequently, owing 
to the admixture of water ** set*’ into a compact rock. 

The rocks formed by these admixtures of volcanic ash 
and water are known as Voha/nic Tuffe or Peperinoi. 

The term Tuff is, however, by some authors confined to a 
rock formed when a lava flow is suddenly advanced into 
water, or is ejected beneath water. In such a case it some- 
times happens that the lava is instantly broken up into 
fragments. Fragmental matter thus produced may often 
be distinguished from ejected ashes in this way : each grain 
of the latter is more or less glazed on the outside by the 
heat of the volcano, the fragments of a lava stream disinte- 
grated by the sudden action of water show no such glazed 
coating. 

Volcanic ash may also be showered over the surface of a 
lava stream while the latter is stiU soft, and a rock is then 
formed of lapilli embedded in a paste of lava. 

Struottire of Subaqaeous Ashy Deposits. — The frag- 
mentary productions that fall into still water will produce 
rocks diflfering but little from the more gently formed of the 
subaerial ashes ; but streams, tides, and currents will roimd 
and distribute the fra^ents they receive, and wiU give rise 
to Conglomerates and gritty rocks of various degrees of 
coarseness and with w^-marked bedding. These may be 
distinguished as suhaqueouB tuffs. 

It may well happen that water into which volcanic ash 
is being showered receives at the same time sedimentary 
materi^s from rivers that empty into it. In this way there 
will arise rocks of a mixed origin : when the mechanical 
sediment is mainly Sand, we sh^ get an Ashy Sandstone ; 
if Limestone is being formed in the water, there will result 
a Calcareous Ash ; and so on.* 

All these fragmentary deposits are capable of enclosing 
and preserving the remains of plants and animals which 
lived at the spots when they f^, and such remains are 
occasionally found in them. 

* For a beautiful example of a meatary depoaits, see GeoL Mag., 
voloanio atone embedded in eedi- i p. 24. 
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Voloamc aahes and tuffs are sometimes described and 
classified aoooiding to the rocks that predominate in their 
composition. Thus an Ag^omerate mainly made up of 
bloc^ of Basalt may be spoken of as a Basaltic Agglo- 
merate ; a Tuff composed of lapHli of Trachytic lava may 
be called a Trachytic Tuff. Some of the rocks of this class, 
however, are composed of such a diversity of materials, that 
such a system of nomenclature could not be applied to 
them. 

Interbedded with those old Crystalline rocks, which we 
have learned to look upon as lavas, are numerous deposits, 
many of the components of which are readily seen to be 
fragmental ejections from volcanoes. In some cases the 
ejected matter has fallen on land, and rocks have resulted, 
resembling in every respect Volcanic Agglomerates, Brec- 
cias, and ashy accumulations of finer groin. In other cases 
the deposit has been of subaqueous origin. Instances will 
be given in the next section. 

(3) Gaseottb Pbobttcts. 

The gas given off most largely by volcanoes is steam ; 
they evolve besides Carbonic Acid, Nitrogen, Sulphuretted 
Hydrogen, Sulphurous Acid, and Hydrochloric Acid. 
These have probably contributed largely to that alteration 
of the original volcanic products which will come to be 
treated of under the head of Metamorphism. Various sub- 
stances, which are solid at low temperatures, rise in a state 
of vapour from lava streams ; and chemical combinations 
and reactions between the different emanations give rise to 
a variety of products, which are condensed on the walls of 
the fissures and the siirface of the flow. Of these we may 
notice, as geologically important, Sulphur, which is some- 
times fotind in masses of great purity ; Specular Iron ore, 
too, which deserves remark because it forms the colouring 
matter of red derivative rocks, is largely sublimed from 
volcanoes, and has probably in many cases been originally 
of volcanic origin. There are ^so substances whicn 
have been produced, in some oases at least, by chemical 
reactions between evolved gases and the constituents of 
the rocks with which they come in contact. The most 
imwrtant of these are Sulphate of Lime, or Gypsum, 
and Sulphate of Magnesia, which, as we have seen, 
has probably played an important part in the forma- 
tion of some Magnesian limestones. It has been already 
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explained that in many cases both the rooks just named 
have been formed by precipitation in inland bodies of 
water, and their materials were probably, in the first 
instance, derived from volcanic sources. 

We must not omit to mention, in conclusion, that volcanic 
districts abound in hot springs holding in solution Silica 
and Carbonate of Lime. These have been, in many cases, 
the source of those chemically formed siliceous and ceil- 
careous rocks which have been already described in 
Chapter IV. 

As an instance of a rock which has probably been 
formed by precipitation from a volcanic mineral spring, we 
may notice some thin bods of beautifully banded siliceous 
stone interbedded with volcanic ash on the coast near North 
Berwick. Their great purity, and the extreme fineness of 
their lamination, seem to point to a chemical origin ; and 
as they occur in the heart of a great body of volcanic 
deposits, we may reasonably suppose that their materials 
were furnished by one of these not siliceous springs which 
are so common in volcanic districts. In the same neigh- 
bourhood the “ Burdie House limestone ’’ has all the look 
of a chemical precipitate, and was probably formed in 
pools into which highly cjharged calcareous springs emptied 
themselves. In some cases we can see that volcanic action 
must have been going on during the growth of this bed, 
for its upper part is full of small lapilli, which were 
showered into the water duiing its formation. 

SECTION ni.— KEMNANTS OP OLD VOLCANOES. 

The main features* and chief products of the volcanic 
action of the present day have been now described, and we 
have seen that many of the older Crystalline rocks and their 
accompanying fragmental accumulations resemble the latter 
so closely that there can be no doubt that they were pro- 
duced by similar agencies in bygone times. We will now 
inquire whether an examination of the geological record 
will enable us to point out the site of former volcanic dis- 
charges, whetlier any ancient volcanoes are still recognis- 
able, and generally to what degree of detail we can read 
the liistory of volcanic action in the past. 

Ancient Volcanic Cones. — ^We can scarcely expect to 
find cones of any antiquity often preserved : modem vol- 
canic mountains are already becoming scarred and seamed 
by subaerial denudation, and a long continu«ince of this 
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action must at last wear away entirely the loose materials 
of which the greater part of a volcano consists, while sub- 
mergence beneath the sea would sweep it away altogether. 

As a matter of fact, however, the number of volcanic 
hills that still remain in a fair state of preservation, to 
attest the former presence of volcanic activity in districts 
where neither history nor tradition give any hint of its 
existence, is larger than would at first sight be expected. 
In Auvergne, for instance, the Eifel, New Zealand, and 
elsewhere, we have not only sheets of solid lava and beds 
of fragmental ejections, but there are still standing the 
cones which were piled up round the vents from which 
these issued, worn and withered indeed by long exposure, 
but still retaining enough of their characteristic structure 
and outline to make it evident to the most casual observer 
that they owe their origin to the same processes which are 
piling up our modem volcanoes. In all these cases, how- 
ever, the date of the eruptitms, though historically most 
distant, falls into a late period of geological chronology. 
As we go back in geological time, we find the remains of 
the easuy destroyed volcanic cone to become rarer and more 
and more fragmentary, and very soon to vanish altogether. 

Bemains of Central Plug of l^va. — But even where 
this has happened, we can still sometimes fix the site of an 
<3ld volcanic vent : tho plug of lava, wliich hardens in the 
chimney when a volcano dies out, is of tougher stuff than 
the cone which surrounds it, and the lower portion of this 
oontral cone often remains standing like a massive 
column, when all tho rest of the volcanic hill has dis- 
appeared. 

Other Proofs of Old Volcanic Action. — The records 
that remain of periods in the earth’s history still more remote 
lire seldom perfect enough to enable us te determine the 
exact spots on which eruptions have burst forth, but among 
them w'o find distinct pnwfs of volcanic activity in the pre- 
sence of rocks, both molten and fragmentary, of undoubt- 
edly igneous origin. Thus, though the evid^mco, as wo 
go further ba(jk, becomes less and less complete, tliere is 
always enough to assure us that during no epoch, of which 
any history has come down to us, w'as our earth without 
volcanoes. 

Sxample of Arthur’s Seat. — A very good instance of 
a fairly well preserved volcano, of still older date than those 
mentioned a little way back, is furnished by Arthur’s Seat 
at Edinburgh j and, as this is not only an excellent speci- 
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men of its kind, but funiishes an admirable instance of the 
methods employed by geologists to decipher the records of 
ancient eru^ions and to determine the mode of origin of 
different kinds of volcanic products^ we wiU describe it at 
some length. 

Fig. 39 is a section of this hill, and Fig. 40 a rude dia- 
grammatic view of its western face. The body of it consists 
of Shales, Sandstones, fine Conglomerates, and impure 
Limestone of marine origin, (1) in the figures. Along with 
these are beds of lava and volcanic ash, formed contempo- 
raneously on the floor of the same sea which received the 
sedimentary materials of (1). The lowest of these is a 
sheet (2) of Doleritic rock ; then follow Sandstones formed 
partly of mechanical sediment and partly of ash, which was 
showered into the water at the same time as sand was 
brought into it by running streams, and some cherty Lime- 
stone (3) ; above these come weU-bedded strata of ejected 
materials, the components of which were shot out into the 
water and then arranged in stratified layers, forming a vol- 
canic tufl (4) ; the series is continued by flows of Basaltic 
and Felspathic lavas (5) and (6) ; and these last are covered 
by purely sedimentary Shales and Sandstones (7). 

That beds of igneous rock in this part of the section 
were streams that flowed over the bed of the sea, or pos- 
sibly on land surfaces produced by its temporary elevation, 
while the deposition of the sedimentary beds with which 
they are associated was going on, and were not injected 
among the latter subsequently to their formation, is clear 
on several g^o^uld8. They conform perfectly to the bedding 
of the rocks above and beneath them, and nowhere cut in 
the slightest degree across the stratification. Their structure 
tells the same tale; their upper surfaces are scoriaceous 
and vesicular, showing that when they cooled the contained 
^ses were free to bubble up and escape : this would not 
have been the case if they had been covered at that time 
with overlying rocks as they are now, and they must have 
hturdened before the beds above them were deposited. As 
we descend into the interior and lower parts of each flow, 
where there was weight enough of lava overhead to 
check the ebullition, the cellular structure gradually dis- 
appears, and the bed becomes close-grained and compact, 
and more decidedly crystalline as we approach the centre, 
la the view the outcrops of the hard lava streams are seen 
to form steep craggy cliffs, ranging across the hill ; while 
the softer sedimentary beds and ashes occupy the more 
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gentle slopes below these and the hollows between them. 
The reasons for this .will be given in Chapter X. 

At some time after their deposition, the beds just described 
were traversed by sheets of intrusive Dolerite, marked a, h, e. 
The structure and lie of these contrast forcibly with those 
of the contemporaneous flows. Their course conforms, to a 
certain degree, with the direction of the bedding, and in 
some places they have for a certain space been actually 
thrust in between the beds, so that a hasty examination of 
a detached section might lead to the idea that they were 
interbedded and contemporaneous. But a more careful 
inspection soon dis]>el8 this notion ; if followed for a short 
distance they are found every now and then to eat their 
way up or down into the strata above or below them. 
Their intrusive chai*acter is also forcibly brought out when 
the structure of the whole hill is viewed from a little dis- 
iance. On account of their hardness they crop out in steep 
craggy cliffs, which, on the north side, form Salisbury 
Crags and Heriot’s Mount ; these, as we trace them south- 
w^aixls, instead of keeping the same distance apart, like the 
interbedded traps, gradually draw togotlier, and at last 
unite into the single mass of Sampson’s Bibs. This union 
could be brought about only by the sheets cutting obliquely 
across the bed<iing. That these rocks are intrusive is also 
shown by the baking of the beds both above and beneath 
them ; the heat of a contemporaneous flow may alter the 
rwks underneath it, but those above were not laid down till 
after it had cooled, and tliey cannot therefore be uflected by 
it. Lastly, in their structure there is a marked distinction 
between these and the contemporaneous lavas ; they do 
not possess the cellular upper portion of the latter, but are 
c(»mpact throughout, the cause of this difference evidently 
being that they consolidated under pressure sufficient to 
i)revent the expansion and escape of their elastic vapour. 

Tlie beds described so far were tilted from the horizontal 
position in which they were laid down, and denadt^d,"*^ and 
a hill produced whose outline must have been something 
like that shown in Fig. 41, and here ends the history of the 
older j)ortion of ArtJiur’s H(?at. 

There are, hou ever, other rocks, shown in Fig. 39 by a 

♦ Owing to this denudation we however, that this lay where 
have left only frapnents of the Edinbuigh (’astle now stands, 
old lava flows, and cannot trace and Ih »t the castle rock is a plug 
them up to the vent from w-hieh of lava which fills up the lower 
they issued. It is likely enough^ part of the orifice. 
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darker tint, which overlie those already described ; these 
are volcanic, and consist of a mass of very coarse volcanic 
Agglomerate {A)y a central pipe of Basalt t. 

rising through the Agglomerate (J^), and a 
hummock of Basalt ( 5 ) known as the Lion’s 
Haunch. These are the products of a later 
eruption. After the course of events which 
gave rise to the lower part of the hill had 
been completed, a period of repose followed, 
and then, at a subsequent epoch, volcanic 
action broke out afresh. An orifice was tom 
through the heart of the hiU, and from it 
blocks of the rocks through wliich a way 
had been burst were showered out, and 
piled in a huddled manner round the vent. 

The Agglomerate is what remains of this 
accumulation. From the angular nature of 
its enormous blocks, the p^-meU way in 
which they lie, and the absence of any trace 
of bedding, it is dear that it was heaped up 
in the open air, and the contrast between it 
and the subaqueous tuff (4) in these respects 
is most marked and instructive. The Ba- 
salt (j 9) is lava, which boiled up in the chim- 
ney of the volcano ; it can be seen most dis- 
tinctly running down tlirough the Agglome- 
rate in the form of a rudely cylindrical 
column. At some time, w'hen there w as not 
pressure enough to drive the lava over the 
lip of the crater, a tunnel was tom open in 
the flank of the hill, and through it a flow 
of lava took place, a portion of which now 
forms the Basalt ( C) of tlie Lion’s Haunch, 

We have thus still preserved paii: of the ' 
cone of ejected materials and the central 
plug of this old volcano, but the portion re- 
maining is probably only a small fragment 
of the original liiU. Mxich of the loose 
Agglomerate has been caiTied away by de- 
nudation, and the part that is Itdt has esca})ed 
mainly because the heat and heated vapours 
of the vent have baked and hardened it, and [ 
enabled it to hold out against atmospheric 
wear and tear better than the outer portions which under- 
went no alteration. 


Jfig*. Ulueb IvucKS or Aktiiuh’s Seat. 
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In Fig. 40 the conical central mound is formed of the 
Agglomerate A, and at the summit the Basalt plug £ is 
seen to rise out of the middle of it. The various members 
of the older group of rocks disappear beneath the newer 
formations, and come out again in a corresponding series 
on the south. On the ground the abrupt truncation of the 
bed (2), where it has been tom through by the later erup- 
tion, can be most distinctly made out.* 

Ancient Volcanoes of Korth Wales. — As an instance 
of vol(.*aiiic })roduct8 of still older date we may take the 
lava-dows, ashes, and intrusive rocks which make up bo 
large a portion of the mountains of North Wales. We 
have evidence of active volcanoes at two distinct epochs 
during the formation of the old rocks, known as Silurian, 
of that district. 

The earliest volcanic products consist of lava flows and 
beds of ash interbedded with the sedinientar}' strata of the 
Arenigs, the Arans, and Cadcr Idiis. These iiitorealations 
show in their upper part volcanic ashes and Oonglonic'rate, 
then a great mass of bedded lava streams, and beneath this 
a thick body of ash and volcanic Conglomerate : the whole 
reaches a maximum thickness of between five thousand 
and six thousand feet. 

The volcanic products of a somewhat later datt' have 
given rise to the roc'ks which now form the summit of 
Snowdon. They consist of the following members : — 

Columnar Felstone 200 

Ashy Beds 1,200 

Slaggy and Brecciated Porphyritic Pelstunes 1,700 

All these rocks furnish most undoubted proofs of a voh'anit; 
origin, and of their being of the same age as the sedi- 
meiitar}" beds with which they are associated. 

The Felstones are sometimes j>or];)hyriti(n sometinn‘s 
scoriaceous looking, and sometimes show a decidedly slaggy 
structure, the lines of viscous flow being as apparent as in 

♦ The explanation of the Btruc- such an authority is entitled to 

ture and hisloty of Arthur’s Seat the most respectiul attention, but 

jfjiven in the text is substantially I cannot say that to my mind 

that put forward by ilaclaren, Mr. Judd has succeeded in show- 

and adopted with some modifica- ing that the older intorj')retation 

tions by Prof. A. Goikie. Its is untenable, or even loss probable 

correctness has recently been than his own. Mr. Judd’s pa] ku, 

called in question by Mr. Judd however, should certainly be 

(Quart. Juum. Geol. Soc. xxxi. consulted by the student, 

liil). Anything coming firom 
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the cooled slags of an iron furntwe. They are also often 
most markedly columnar. They conform precisely in their 
bedding to the sedimentary rocks above and below them ; 
and when they produce any alteration in the associated 
strata, it is the beds underneath alone that are baked and 
hardened. Interbedded with the thick masses of Felstone 
are bands of sedimentaiy strata, showing that the former 
are not the results of a single flow, but that they were built 
up by a succession of streams poured out over the sea bed, 
and that sediment was laid down in the same water in the 
intervals between their emission. 

The ashy strata, like the lavas, were accumulated beneath 
water. They contain a sufficient proportion of slaggy and 
scoriaceous fragments, and occasionally volcanic bombs, to 
leave no doubt on the mind that they are formed in large 
measure of volcanic ejections; but these have in many 
cases been largely mixed up with sandy, clayey, or 
calcareous sediment, and in some cases they may have 
been formed of ashes dropped on land and afterwards 
carried into the sea by running water. Their submarine 
origin is further proved by interstratified beds of purtdy 
sedimentary origin, and by the occurrence in tliem of 
marine shells. 

In the case of each of the groups of igneous rocks just 
mentioned we find them thu-kest round a certain centre, 
and, as far as the remnants left of them will enable us to 
judge, thinning away in every direction from that centre 
till at last they disapp(?ar alb^gether. We thus get a clue 
to the quarters in which the vents lay from which the 
eruptions took place, but all traces of the piles of materials 
that must have once surroimded these vents have been 
swept away by denudation. There are, however, great 
intrusive masses of dioritic rock, which, from their distri- 
bution, seem to be connected in some way with both the 
groups of interbedded Felstones and ashes, and these, 
perhaps, are the hardened contents of the reservoirs of 
molten matter from wliich the volcanoes were fed.* It is 
worthy of note, however, that while all the undoubtedly 
contemporaneous volcanic rocks, both molten and frag- 
mental, are felspathic, these deep-seated intrusive masses 
are markedly homblendic ; and it seems strange that, if 
the volcanic foci possessed so abundant a supply of hom- 

* For detailg respecting the Wales, Memoirs of the Geological 
Iioieous E-)ckfl of N. Wales, see Survey of England and Wales, 
Prof. Kamsay's Geology of N. vol. iii. 
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blenclic lava, no sheets of an homblendic composition sbonld 
over have flowed from the craters. The explanation may 
he that, in accordance with Durocher’s ideas, the heavier 
homblendic matter sank to the bottom of ihe reservoir, 
while the lighter f elspathic lavas, floating above, came to be 
t)oured out in currents. 

Did space pemiit. these instances of beds of volcanic 
origin among the rocks of the earth’s crust might be largely 
added to ; the examples given will, however, sufflce as 
illustrations, and the reader may refer for an exhaustive 
sketch of the volcanic j>roductions of diiferent ages in 
Britain to Professor Geikie’s Address to the Geological 
Section of the British Association at the Dundee Meeting 
of 1 867. He should also make an attentive study of Mr. 
Judd’s masterly restoration of the old volcanic area of the 
Western Isles of Scotland (Quarterly Journal of the Geol. 
Soc., XXX. 220), and of Mr. Ward’s careful description of 
the volcanic rocks of the Lake district (Ibid., xxxi. 388). 


SECTION IV.— PETROLOGY OF VOLCANIC ROCKS. 

The comparison which has been now’ made between the 
phenomena and produc*ts of modern volcanoes and certain 
members of the Crystalline class of rocks will, it is hoped, 
liave conclusively demonstrated that the latter must have 
owed their origin to a volcanic source. Our next task will 
be to look at these rocks on a large scale in the field, to 
study the different shapes and forms under wliich they 
present themselves in mass, to examine their relations to 
the beds by w’hich they are surrounded, and to inquire how' 
far such observations W’ill guide us to a knowledge of the 
circumstances under which they w’ere fonnod. 

Distinction into Intrusive and Contemporaneous. 
— The molten products of igneous action are in the first 
instance forced up tlirough aj>erture8 tom through tlie 
surface of the ground, and forcibly injected into cracks and 
w'hich afford a passage for their escape, and they must 
also exist in large masses in cavities below the surface. 
When the contents either of an aperture, a crack, or a 
cavity cool and harden, bodies of crystalline rock will be 
formed ; these will evidently assume different external 
shapes in the three cases mentioned, but they will all agree 
in one point — they will all give proof of having burst 
through the rocks which surround them ; hence they are 
all classed together as Intrusive, 
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The oolunms of cooled lava which fill up an old volcanic 
chiirmey ore known as Nech; the hardened contents of 
cracks form Byhes or VeinSy the term Dyke * bein^ restricted 
to those fissures which are approximately rectilinear and 
vertical, while the more irregular tortuous or brandling 
rents give rise to Veins. The solidification of the molten 
masses of cavities produces large amorj)hou8 Ilasm, 

It is clear that any mass of intrusive igneous rock must 
be of later date than the rocks it traverses, hence intrusive 
igneous rocks are also spoken of as Suheq^^uent. 

But the molten matters poured out from volcanoes also 
present themselves to us under another form. Great sheets 
of lava flow from the vent and spread themselves over the 
surrounding district. These stream over the pre-existing 
rocks instead of bursting through them, and they tliereforn 
stand somewhat in the same relation to the rocks beneath 
them as an overlying stratum of sedimentary material, 
and are in this respect clearly marked off from* rocks of 
an intrusive character. Lava sheets poured out on dry 
land may be lowered beneath bodies of v ater and sedi- 
mentary rocks laid down above them ; or it may happeji 
that, after a mass of deiivative rocks has accumulated 
beneath water, a subaqueous stream of lava may flow over 
them, and be in turn itself covered by further dej>ositions of 
sediment. In these ways there will arise formations consist- 
ing of alternations of beds of molten and sedimentary origin, 
the rocks of both classes being truly interstratified and per- 
fectly conformable in their bedding to one another. An in- 
stance of a formation of this sort is furnished by tlie older 
rocks of Arthur’s Scat, shown in the section on Fig. 39. 
Igneous rocks formed under these circumstances are called 
InterheMedy or, because they were formed at the same time 
as the sedimentary beds among which they are found, Con- 
temporaneim. Now, in studying any mass of igneous rock 
we may come across in our investigations, the first thing to 
bo made out is, to which of these two classes does it belong. 
Is it Intrusive or Contemporaneous ? 

In many cases there is not room for a moment’s hesita- 
tion on this point : a cylindrical pipe drilled through bedded 

♦ “Dyke*’ means in north moved by denudation than the 
country language a wall. The former, and a rib of the more 
c mtents of igiieous dykes are durable rock is left standing up, 

usually harder than the rocks running like a wall across the 
they traverse; hence the latter country, 
are more easily and largely re- 
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sedimentary strata, or a rent tom across them at right 
angles to the bedding, and filled np with hardened lava, 
furnish conclusive proof that the latter is intrusive. And 
at first sight it might seem equally safe to pronounce that a 
lava sheet, lying between two masses of sedimentaiy strata 
with its upper and under surfaces parallel to the bedding of 
the rocks above and beneath it, was undoubtedly contem- 
poraneous. But such a conclusion would not necessarily 
hold good, because there are cases when lavas have been 
forcibly intruded between the plarm of bedding of pre-existing 
Rodimentary rocks, and where they have coiifined themselves 
so stric^tly and for such long distances to the space between 
two consecutive beds, that a delusive appearance of true inter- 
bedding is produced. In the case, therefore, of a lava ^heet 
much care is often needed before we can decide whether it 
is intrusive or contemporaneous ; some of the tests which 
decide the question have already been hinted at in the 
description of Arthiu'^s Seat,, and the subject will be more 
fully treated of further on. 

Alteration, of Ifeighbotiring Bocks. — One fact which 
will aid us in clearing up such doubtful cases, and which 
we shall also have occasion to refer to in connection vjith 
other branches of our subject, is the alteration wrought by 
the intense heat of lavas in the rocks they come in contact 
with. Soft Clays are baked into hard, flinty, porcelain-Hke 
rock ; Sandstones are hardened and rendered crystalline ; 
limestones are turned into marble ; Coal is converted into 
cinder or soot. Owing to the low conducting power of 
rocks, such changes smdom extend to any great distance 
from the margin of an igneous mass ; and sometimes the 
rocks immediately in contact with the once molten matter 
are perfectly unaltered. The absenc^e of alteration is easily 
explained, if we recollect that the chilling effect of the sur- 
rounding rock would rapidly cool the layer of fused matter 
immediately in contact with it, and a crust would thus be 
formed which would separate the still liquid central portion 
from the rocks on either side and prevent the passage of 
heat from one to the other. 

Included Fragments. — ^Intrusive rocks too frec^uently 
tear off and carry along with them fragments of the rocks 
through which they have forced their way ; such detached 
portions vary in size from mere stones np, to large masses. 
They are usually baked and hardened. Fig. 42 shows a case 
of this sort seen on the castle rock at Dunbar. A mass of 
Greenstone ( 1 ) has burst through Sandstones and Shales (2) ; 
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the former are altered along the line of junction into a hard 
crystalline Quartzite (3), and in the veiy middle of the gr^n- 
stone is a wedge-shap^ mass of similar. Quartzite (4), evi- 
dently a large fragment of the Sandstone, through which 
the intrusive rock was ejected, caught up by the liquid lava, 
baked by its heat, and retained in its midst when it cooled. 



MASS OP ALTSliPD SaNDSTONB IN GreBNSTONB. 

It sometimes happens that subaerial lava streams, too, 
contain included blocks. If they flow over ground covered 
with loose fra^ents, some of these may be caught up and 
embedded in them, or blocks of rock may have been thrown 
out of a volcanic vent, fallen on the surfttce of a lava while 
it was yet soft, and sunk down into the body of the rock. 

Fragmental Xnterbedded Socks. — The ^agmental 
products of volcanic ^tion give rise to rocks which are 
necessarily for the most part of an interbedded character ; 
de]) 08 its, namely, of stones, oiiiders, and lapiUi shot into 
water and arranged in layers alternating with beds of purely 
sedimentary origin, or to strata formed of a mixture of 
volcanic ash and sediment. 

Kecks of Agglomerate. — But it sometimes happens 
tliat the chimney of a volcanic vent has been filled in, 
not with hardened lava, but with a confused mass of 
^'olcanic ejections, which have fallen back into it after 
they were hurled into the air. We thus get Neckn of 
Volcanic Agglonwrate, where the latter stands to the sur- 
rounding rocks in the same relation as a plug of intrusive 
molten rock. Such masses, though they can hardly perhaps 
be called intrusive in the proi)er sense of the word, are 
clearly distinguishable from the truly interbedded deposits 
of volcanic ejections. 

Zactanoes of the Modes of Ooourrence of Volcanic 
Focks. — We wiU now consider a little more in detail the 
dific'erent forms under which we have seen that large bodies 
of volcanic rock present themselves. These may be dUssified 
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nnder tlie following heads: Masses, Dykes and Veins, 
Necks, and Sheets, 

Masses , — One form tinder which Cr}"stalline rocks occur 
is that of large masses, sometimes many square miles in 
extent ; they are occasionally afiproximately circular or 
elliptical in shape, but frequently their outline is most 
irregular. 

Fig. 43, which shows a ground plan of a boss of 
this kind in the north-west of Ireland, and a section 



Fig. 43. — Plan and Section of iNTursm: GiiEENtflPONE Mass, 
Co. Donegal, Iiielanl. 

Scale 2 inches to a mile. 


across it, will give an idea of the character of these igneous 
masses. It is highly probable that masses such as we are 
now considering are in many cases the hardcmod contents of 
reservoirs of lava, which existed originally deep down in 
tliG bowels of a volcanic area, and which have been brought 
to light by the denudation of the rocks which covered thorn. 
But very many of the largest Crystalline masses may he 
pronounced almost with certainty to bo the result of the 
alteration by heat and other agents of rocks originally 
sedimentary, because they are found to pass by insensible • 
steps mto rocks of that class. As one instance we may 
mention large masses of quartzose porphyritic trap in the 
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iieighbourliood Llanberis, on the borders of which such 
a passage is found to occur.* 

Dykes md Veins . — has been already mentioned that 
modem volcanic cones are frequently tom across by rents 
approximately vertical, which are afterwards filled in \eith 
lava ; ribs of igneous rock, exactly similar in character, are 
constantly met with cutting across the older rocks of the 
earth’s crust. Sometimes these can actually be seen to be 
offshoots from a large igneous mass : this is the case in 
Pig. 43, where many dykes are seen running out from the 
main body of the trap into the sunnunding country. More 
frequently, however, the connection of these older dykes 
with the parent mass can no longer be traced ; they have 
been either severed from it by denudation, or they descend 
dee])Gr into the earth than we can follow them before they 
reach it. 

Dykes are found of all dimensions, both in length and 
breadth ; they vary in thickness from less than a foot up- 
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Fig. 44. — GEKBNfiTONB DVKES CUTTING THROUGH ShaLES AND 
Limestones' west of Dunuar. 


wards ; and while in some cases the portions of them that 
appear at the surface do not extend longitudinally for 
more than a few yards, in otliers they can be traced con- 
tinuously for miles. 

The section on Fig. 43 shows dykes with remarkably true 
and even walls ; Fig. 44 is a sketch of a group of dykes {O) 
m<^)ro irregular in outline, cutting through Shales, Sand- 
stones, and impure Limestones, and sending tongues out 
into them. 

Necks , — good instance of a plug of hardened lava 
filling up an old volcanic vent has been already given in 
the section of Arthur’s Seat in Fig. 39. In this case the 
neck is still surrounded by part of the cone which it 
traversed ; more frequently, however, the softer and friable 
surrounding of fragmental matter has been carried away 
by denudation, and the central column of hard lava, or the 

* The Geology of ^Torth Wales, of England and Wales, vol, iii. 
Memoirs of the Geological Survey chap. 20, 
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lower portion of it, alone remains to fix the position of the 
orifice. Those renmants of the plugs that once filled volcanic 
vents are very common among the old volcanic rocks of the 
central valley of Scotland. Some good instances may be 
seen on the Ilerwickshiro coast, where isolated bosses of 
porphyritic Felstone stand up in low hills above the softer 
ix)ck8 of the surrounding country.* Wlxen these are 
examined they are found to be rudely cylindrical columns 
which descend vertically through the surrounding strata. 
There are also in the same district lofty conical-shaped 
hills — Trapain I^aw and North Berwick Law for instance 
— composed of a similar rock. We cannot prove by actual 
inspection in these latter cases that the eminences are the 
summits of gr(mt cylinders that piertie through the beds 
around them ; but su(;h a supposition is higluy probable ; 
and we may very fairly look upon these prominent peaks as 
probably portions of the column of lava that rose through a 
volcanic orifice, their size being due partly to the fact that 
the volcano was a big one, and partly to their having 
foimed a portion of the column where the oiifice was 
roomy. These necks usually project above the surrounding 
rocks "for the same reason that dykes stand up in walls, 
because they are the harder of the two. 

But we have already mentioned that a volcanic vent is 
sometimes filled in, not with hardened lava, but with a 
mass of Volcanic Agglomerate. A <‘apital instance in 
Ayrshire, described by Professor A. Geikie,t is illustrated 
by Fig. 45. 

The section runs across a basin consisting of the follow- 
ing rocks. At the bottom are Shales and Sandstones («) ; 
upon these rest some beds (h) which consist of irregular 
alternations of volcanic ash and brick-red Sandstone. 
Then come sheets of lava (c), consisting of Labradorite and 
specular Iron ore, with sometimes a little Augite. These 
are covered by beds (d) similar in composition to (h). 
Above aU there is a groux) of brick-red Sandstone (c), con- 
taining in its lower part occasional nests of volcanic lajiilli 
and single stones. 

From this section we learn that the district was free 
from volcanic activity during the deposition of the beds {a). 
The next beds (h) show the commencement of eruptions ; 

♦ The Geology of East Lothian moirs of the Geological Survey of 
(Memoirs of the Geological Sur- Scotland, Explanation of ^eet 
vev of Scotland), p. 40, 13, paragraph 6, and of sheet 14, 

t Geol. Mag., iii. 243 ; Me- paragraph 26. 
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they were formed partly out of sandy sedi- 
ment, and partly by showers of volcanic dust ^ ^ 
and lapilli, which fell into the water where * 
the silt accumulated. Then came the emission 
of the lavas (^?). These present all the pecu- 
liarities which we have described as character- 
istic of contemporaneous fiows ; they are 
divided into beds with slaggy or cindery upper 
and under surfaces, and sometimes parted 
from one another by layers of brick-red Sand- 
stone. Eunning across these lavas in a direc- 
tion perpendicular to the stratification there 
are what look like veins of horkontally bed- 
ded red Sandstone, which sometimes radiate 
from h centre forming star-shaped figures. 

These were doubtless j)roduced in the follow- 
ing manner. As the lava cooled cracks 
opened in its surface, and sand was washed 
into the cracks and filled them up before they 
were covered by the next flow. The absence 
of lava sheets in the beds (d) shows that 
volcanic activity was on the decrease during 
their formation, and its final cessation is indi- 
cated by the gradual disappearance of vol- 
canic products as pass from the lower to 
the upper port of the group {e). 

In -the country occupied by the beds (a) 
there are a number of small rounded hills 
or hillocks, two of which are shown at (/) 
and (y). These consist of a very coarse red 
volcanic Agglomerate, imstratified and tumul- 
tuous in appearance, made up of fragments of 
lava similar to (c), of all sizes up to masses a 
yard or more in length, angular, subangular, 
and rounded, imbedded in a gritty, felspathic, 
ferruginous paste. These hillocks rise con- 
spicuously above the neighbouring ground, 
and might at first sight be taken for the rem- 
nants of a deposit which once extended over 
the beds {a), the greater part of which has 
been removed by denudation ; but such is not 
the case. Though surrounded by the Shales ^ 
and Sandstones, they do not lie on the latter ; 
on the contrary, they descend vertically through 
them, like so many huge pipes. Li short they are true 


Fig. 45. — Section across the Permian Basin of Ayrshire. (After Prot A. Geikie.) 
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volcanic nedks, each representing a former focus of eruption. 
In one case the sides of a neck were found coated with a 
lining of rough slaggy lava, which had dung to them during 
the discharge of a stream of molten matter. 

The close neighboiirhood of these vents to the volcmiic 
rocks of the section, and the similarity between the blocks 
they contain and the lavas (^), makes it almost certain that 
it was from these orifices that the volcanic products of the 
adjoining rocks wer^ discharged. 

For other instances of necks of volcanic Agglomerate see 
the Geology of East Lothian (Memoirs of the Geological 
Survey of Scotland), p. 44. 

SImts , — The only remaining form under which igneous 
rocks occur, is that of sheets, and these are, as has been 
already mentioned, of two kinds, intrusive and contem- 
poraneous. 

Intrusive sheets, like dykes, are merely hardened masses 
of lava, which were forcibly injected in a molten st^e intc) 
rents traversing pre-existing rocjks ; but while we restrict 
the term dyke to those cases where the fissure is vertical 
or cuts across the bedding at large angles, we tise the word 
sheet where the cleft is inclined at small angles to the 
bedding, or where the actual space between two beds has 
furnished a channel for the molten matter. The diiference 
in appearance between the two forms is quite enough to 
justify us in using the two names ; and it is besides desir- 
able to keep up the distinction, because, whereas no one 
could suppose a dyke to be anything but intrusive, those 
sheets which have been thrust in along the planes of bedding 
are liable to be mistaken for contemporaneous flows. 

A contemporaneous sheet is formed by the flow of a lava 
stream over the bottom of a body of water on wliich sedi- 
mentary deposits have previously been laid down, and by 
the subsequent formation on the top of the stream, after it 
has cooled and hardened, of other accumulations of sediment. 

Where an intrusive sheet cuts across bedding planes, its 
true character is at once recognised ; but where a she(‘t 
occ'UpioB the space between two beds, it requires some care 
to determine to which class it belongs. The tests to bo 
applied in such a case have been some of them aheady 
mentioned and may be summarised as follows : — 

Ist. Alteration of the adjoining rocks. A contenq[)oraneous 
sheet can produce alteration only in the heda below ity because 
those above were not laid down till after it had cooled. An 
intrusive sheet can alter the beds above m well as those below 
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it. We muBt recollect, however, in applying this test, that 
the absence of alteration proves nothing, because igneous 
rocks sometimes produce no change in the beds they come 
in contact with. If the beds above as well as those below 
an igneous sheet are altered, we are sure it is intrusive ; 
if those below only are affected, it yields a presumption 
that it is contemporaneous, but other tests must be applied 
before wo can be certain it belongs to this class. 

2 iid. Texture. The rocks which now overlie a contem- 
2)oraneous sheet were not there when it was poured out, 
and there was no pressure on it from above at the time it 
cooled. Its u j)per surface will therefore be liable to have a 
roi)y or scoriaceous texture, or to be full of bubbles and 
cavities producied by the escape of the contained gasses. 
Thevosicues are often elongated in the direction of the flow, 
having been dragged out by the motion of the stream. 
Its base, too, like that of a roc^ent lava stream, will often 
bo (dndory. It will be only in the centre that there was 
pressure enough to give rise to a closely grained texture, 
liut an intrusive sheet was vreighed down from above 
by the oveilying rock at the time of its injection, and the 
(‘{»niprossion thus juoduced prevented any part of it from 
assuming a loose and o^^en texture ; the upper and under 
Kini'aees may, on account of their more rapid cooling, be 
flue-grained, while the slower hardening of the interior 
may have allowed of the fonnation of more largely crystal- 
line 2>roducts ; but though for these reasons different 2)arts 
of it may differ in grain, the whole of it will be dense and 
<'om2>a<?t, it will rarely show seoriacoons j^ortions, and if it 
b(^ at all vesicular, the cavities will he neither numerous 
nor large. 

flrd. delations to the bedding of rocks above and below. 
A contemporaneous sheet cannot evidently cut across or eat 
its way into the bods above it, because they vrere not there 
when it was poured out. It is possible that, in its passage 
over the midorlying strata, it might disarrange and perhaps 
work down into them, but tliis could take x>lace only to a 
very small extent. Wo may say of such sheets that their 
upi)er and under surfaces. are ev&ryivhtre parallel to the 
bedding of the rocks above and beneath them. Tliis 
will not be found to be the case with intrusive sheets; 
they have sometimes jmrsued their path with wonderful 
constancj^ along |)lanes of bedding, so much so that the 
examination of a limited exposure might load to the belief 
that they were interbedded ; but if followed out they will 
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invariably be found sooner or later to cut up or cut down 
into the rocks above or beneath, or to send out tongues or 
spurts into them, and somewhere to break across the strati- 
fication in a way that at once reveals taeir true character. 

4th. The presence of included blocks may sometimes 
decide whether a sheet is intrusive or contemporaneous ; 
if these have come from the overlying rocks, the sheet 
must belong to the former class. 

The third test is perhaps the one of most universal 
application. Texture alone cannot be relied upon, and 
alteration of the adjoining rocks may be wanting ; but an 
intrusive sheet will seldom fail to show its real nature 
somewhere or other by pursuing a course transgressive to 
the bedding of the rocks among wdiich it occurs. 

In the account of Arthur’s Seat a few pagers back, the 

application of these tests to 
a partinular instance was 
pointed out, and Eig. IG is 
a section on the coast we^t 
of Dunbar w^hicli further 
illustrates the subject. Let 
us confine our attention 
first to the l(>fl-hand half 
of the figure. We see there 
a sheet of Dolerite shown 
by the dark colour, appa- 
rently interhedded with a 
group of Shales, whose « 
bedding is shown by the 
fine parallel lines. The upper and under surfaces (»f this 
sheet are so far parall(d to the bedding of the Shales, 
that it is not apparent at first sight to w'hich class it be- 
longs. Let us apply the tests just given to determine 
its true character. In the first place the beds loth above 
and below are markedly altered; the Shale, which a few 
feet off the Crystalline rock is so soft and clayey that it 
3deld8 readily to the impress of the finger, is baked into 
a hard, flinty, felsitic rock, which will scratch glass, and 
has here and there a slightly crystalline texture. Hand 
specimens of this altered Bhale could not be distinguished 
from a c^ompact Felstone. Next, in spite of its rough con- 
formity to the bedding, we find, when the junctions are 
closely scanned, that the rock has thrust out bosses and 
strings, giving it rough and irregular boundaries very dif- 
ferent from the even planes of bedding of the Shale. The 



Fig. 46 . — Dyke and iKitiVsivE 
8heet of Doleuitk. 
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floor of the stream, too, gives Tiranistakahle proof of rough 
usage ; the beds of Shale have been puckered and crumpl^, 
and the uppermost of them broken up into small bits, winch 
are tilted on end against one another, so that the line of 
junction has a jagged, saw-like edge. 

By aU these signs, then, we are sure that the sheet is 
intrusive, and our conclusion is confirmed when we trace it 
towards the right, for we then find it springing out from a 
dyke, which cuts vertically across the bedding. This dyke 
has caused great alteration of the rocks on either side; 
they are baked into a Eelsite, such as lies above and below 
the sheet, and their bedding becomes gradually effaced as 
they approach the Dolerite, and replaced by a rude jointed 
or platy structure with divisional planes parallel to the 
walls of the dyke. 

The above is a happy case, where we find all the tests 
which distinguish an intrusive from an interbodded stream 
exhibited. The observer must not expect to be always equally 
lutiky, some one or more of the marks of distinction are often 
absent ; the igneous rock, for instance, may not have given 
rise to any alteration of the beds it traverses, and we may 
thus miss one of the easiest ways of determining its nature. 
He must then fall back on another test ; and there are very 
few cases indeed, in which, when all the circumstances have 
been taken into account, any uncertainty will remain. 

Subdivisioxis of Igneous Bocks into Volcanic and 
Trappean. — It was mentioned in the beginning of this 
chapter that many of the Crystalline rocks resembled so 
closely in every respect the subaerial molten products of 
modem volcanoes, that there could not be a shadow of a 
doubt that they are ancient lavas ; and that others, which 
bear evident marks of having been produced by the action 
of heat, still differ in some essential respect from the lavas 
of the present day. The first class are usually distinguished 
as Volcanic, and the second as Trappean. Under the first 
head come the slaggy, cindery, and amygdaloidal Crystal- 
line rocks ; while the second indudes Diorite, many compact 
Eelstones, Granite, Syenite, and other allied rocks. 

We will here point out the main points of difference 
between the two dasses, and see how far certain general- 
izations, which some authors have attempted to base on 
these differences, appear to be sound. The subject cunnot 
be fuUy gone into till we have given a more complete 
description of the Trappean rocks ; but it may be as well to 
mention liere the broad results we shall finally arrive at. 
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1st. The Volcanic rocks are, as a rule, anhydrous, or 
free from water, and have the cellular, scoriaceous, slaggy, 
or ropy texture, which is exliibited by lava streams that 
have cooled and hardened in the open air ; the Trappean 
rocks ore usually hydrated, and oomj)act in texture. 

This distinction is a valid one, and its meaning is evident 
enough. The rocks of the first class are subaerial, and the 
absence of pressure allowed of the escape of the steam, 
which all lavas contain at the time of the ejection, and of 
the formation of those structures which melted matter is 
apt to assume when it cools under an abscmce of restraint. 
The rocks of the second class were consolidated under pres- 
sure, beneath either a mass of overlying measures or the 
water of the sea ; and thus their water was prevented from 
escaping, and they were not free to boil up or drag them- 
selves out into spongy or slaggy shapes. That the two 
kinds of rocks had a common origin, and differ only because 
they were formed under different circiunstances, is proved 
by the existence of numerous intermediate forms, which 
show a passage by almost insensible gradations from the 
extreme of one class to the extreme of the other. 

2nd. It is also stated that there are certain mineralo- 
gical distinctions between the two classes. The minerals 
of the Volcanic group are usually glassy, those of the 
Trappean dull and opaque. Thus among Acidic Crystalline 
rocks, Sanidine or glassy Orthoclase is supposed to be con- 
fined to the Volcanic, common Orthoclase to the Trappean 
class. In the Basic class, both Hornblende and Augite, 
but principally the former, occur in Trappean rocks, but 
only the latter in Volcanic rocks. Also Trappean rocks are 
said to be richer in Silica than Volcanic. 

There are certainly excejdions to tliese generalizations ; * 
but, allowing them to be true in a general way, it seems 
dithoult to attach much value to them. From a merely 
mineralogical point of view they may have some interest ; 
but, when we refiec?t on the very minute character of the 
distinc'tions, and further consider that the one class of rocks 
are, as we shall immediately mention, in many cases older 
than the other, it is diflieult to resist the suspicion that such 
differences may be no more than the result of time. The 

♦ For instance, the Trachytes chap, xiv.) ; a very ancient lava 
of Sardinia of post-Eocene age, on Cader Idris, with crystals of 
which contain Hornblende (Ge- glassy Felspar (Kamsay, Geo- 
neral de la Marmora, Voyage logy of North Wales, p. 28). 
en Sardaigne, 8nie. pt. tome i. 
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supposed greater riehuess in Silica of Trappean rocks may, 
for instance, be readily explained by supposing that sub- 
stance to have been deposited by wa ter percolating through 
them during the long lapse of time that has passed since 
their formation ; or by the removal, by percolating water, 
of their more soluble constituents, and the retention of the 
less readily dissolved Silica.* 

3rd. We come to a far more important generalization, 
which some geologists attempt to maintain in connection 
with the present subject. 

It is asserted that the older igneous rocks are Trappean 
in character, while those belonging to the more recent geo- 
logical periods and those of modern date are Volcanic ; and 
an attempt has been made to lay down rules, based on this 
statement, by which the age of an igneous rock may be 
determined by its mineral character alone. 

The above assertion is correct in many cases — ^in so many, 
indeed, that there is no wonder that it was assumed to be 
universally true ; at the same time there are exceptions 
enough to it completely to upset the generalization attempted 
to be drawn from it. In the first jdace, that Trappean or 
deep-seated rocks should be more numerous among the 
older deposits, and that Volcanic or subaerial rocks should 
prevail among those of younger date, is only what is to be 
expected; for subaerial products of any antiquity could 
only by a lucky chance escape the destructive action of 
denudation, and must therefore be rarer flian those deop- 
seated products which liave been better protected from its 
a(^tion ; while in the case of the newer fonnations denuda- 
tion has not yet had time to carry away the lavas, ashos» 
<H)neH, and oth(‘r external products of volcanic action, and, 
by the removal of these and the masses of rock undoriring 
them, to lay bare the formations that have hardened far 
down in the bowels of a volcanic area. In short, tho 
generalization amounts to no more than this : the older 
igneous rocks are mainly deep-seated, because denudation 
has largely carried away the subaerial igneous fonnations 
of distant epochs; newer igneous rocks are mainly sub- 
aerial, because denudation has not yet worked its way 
down to the deep-seated formations of recent periods. 

We must also bear in mind that the changes which time 
is always producing must necessarily cause a difieronce 
between a rock of comparatively recent and one of very 

t Sterry Hunt, Quart. Journ. Geol. Soc. of London, xv. 493. 
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remote date; and this may be the explanation of the 
mineralogical differences between Volcanic and Trappean 
rocks mentioned under the second head. 

It will be sufficient to notice only one or two of the 
numerous exceptions to this third generalization. In the 
Lake (ountry of England there is a group of rocks kiAO^^ n 
as the “Green Slates and Porphyries/’ which were pro- 
bably in part of subaerial volcanic agency. Many of these 
— allowing maybe for a little, but a very little, degree of 
hardening — cannot be distinguished from modem cellular 
lavas, and, tried by the tests mentioned above, would cer- 
tainly be placed in the Volcanic class, but they date far 
back in the geological record. Again, among the sheets 
of igneous rock whicli oc^*ur in tJie Scotch Carboniferous 
beds, a formation of great antiquity, it is the commonest 
thing to find vsome with a <‘ind<‘ry base and slaggy top, 
exactly such jis cliaraeterize modem lava streams. Such 
instances might be multipliech if it were necessaiy, without 
limit. The reason wliy suhaerial rocks, in eases Hke these, 
have survived through such long periods is, that shortly 
after their emission they were covered up hy sedimentary 
beds, and so preserved from the destructive effects of 
denudation. 

The distinctions, then, between the two classes, as far 
as tliey are well founded and of any real value, are due 
mainly to the different dnnimstancea under which the rocks 
hcdongiiig to m%h were formed, puiily, perhaps, to changes 
they have undergone simjo the date of their fomiation. 
They are, therefore, accidental and of comparatively little 
moment ; but if we turn to the grounds of resemblance 
between the two classes, these are seen to he far more 
numerous and important, and to i)omt forcibly tcA a i^ommon 
origin for the rocks of both. 

The term Plutonic* is used by many authors in the sense 
which has been here assigned to Trappean ; others are 
inclined to group together Granite and its allies in a class 
by themselves, to which they give the name Plutonic. We 
shall see, however, by-and-by that there is no hard line 
between Gb'anitio rocks and those usually designated as 
Trappean, any more than between thc^ latter and volcanic 
products. 

All three terms may be usefully employed, if we only 
bear in mind the only sense in which they can proj>erly be 

♦ From Pluto, the god of the rocks have solidified deep down 
underground realm, because these beneath the surface. 
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used. They denote simply the conditions under whit^h an 
igneous rock has been formed. If we could follow a sheet 
of such rock continuously from the external lava flow 
through the volcdno down into the reservoir from whence 
it issued, we shotdd doubtless find at different points 
instances of the three types passing gradually into one 
another. The subaerial discharge, with all its character- 
istic accompaniments, would gradually lose these and put 
on a Trappean form as we penetrated into the bowels of 
tlie volcano ; and still deeper down the Trappean type 
might become so much more markedly pronounced, that 
the rock might deserve to be distinguished as Plutonic. 
But there would be no hard lines between the three sub- 
divisions, and hence in nature we often meet with rocks 
that puzzle us to say to which we ought to refe r the m. 
This subject will be more fully handled in Chapter VllL 

A speculation has also been put forth that the older 
igneous rocks are mainly Acidic and tlie newer mainly 
Basic in composition.* There is much to be said from 
a broad point of view in favour of this idea, but at 
the same time there are many facts directly in the teeth of 
it.f It is mentioned here mainly because geologists of 
high repute have been found to countenance it. 

Some authors hold a similar (jpiuion, but under a 
modified form. Thus Cotta says, We are ahnost justified 
in holding it for a universal law that whenever igneous 
rocks rich in 8iiica occur together with Basic igneous rocks 
of the same period of eruption, the latter are of somewhat 
later origin than the former. This notion has an d 
priori probability in its favour, for it is likely that the 
lighter Acidic products would be discharged before the 
heavier Basic, and cases may doubtless be found where the 
rule is true ; but there are also exceptions enough to it to 
prevent our accepting it as a univers^ law. (See Serojje’s 
“ Yolcanoes,” pp. 125 and 347.) 

Other attempts have beem made by chemists and petro- 
graphers to discover a connection between the mineral 
character of an igneous rock and the date of its formation, 
but they have all broken down when subjected to the test 
of geological examination in the field. 

♦ Durocher'fl Essay on CJom- 128 ; Allport in Geological Maga- 
parative Petrology. There is a zine, vol. x. p. 193. 
translation in Prof. Haughton's % Rocks classified and de- 
Manual of Geology. scribed (English translafion), pi, 

t See Scrope’s Volcanoes, p. 187. 



CHAPTER Vn. 

MMTAMOM^mC E0CK8, 

Was the world not made at once then P said Felix. 

“ Hardly/’ answered Jamo ; ** good bread needs baking/' 

W1LSLBX.M MeISTBK's l^YELS. 

SECTION L-GENERAL VIEW AND INSTANCES OF 
METAMOHPHISM. 

Qeneral Bescriptioa. — ^The rocks we have hitherto 
considered, both of the igneous and derivative class, have 
come down to us pretty much in the same state in which they 
were originally formed. Time indeed has not passed over 
their heads without leaving its mark upon them in various 
ways ; they have been hardened, new minerals have been 
introduced into them, and they have undergone other 
(hanges of a similar nature. But in aU the cases that have 
so far come under our notice the utmost amount of altera- 
tion that has been effected does not amount to much ; the 
characters we rely upon as indications of origin may have 
been disguised to a small extent, but no rock we have yet 
met with has been so thoroughly transformed that we are 
no longer able to say without hesitation how it was produced 
and what was its original nature. 

The minor modihcations, however, we have already 
becon^e acquainted with, will suggest to us the possibility 
of there being rocks which have been altered to a much 
gi’eater de^ee; and observation shows us many rocks 
whose peciuiar character can be explained only on such a 
supposition. To these we shall devote the present chapter. 

The process by which changes are wrought in a rock after 
its formation is called Mctamorplmm^ and rocks altered by 
its action are distinguished as Metamorphic Rocks, Strictly 
speaking, it would be hardly possible to find a rock which 
is not metamorphic to some degree, but the term is usually 
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restricted to tKose rocks whickiiave suffered trausfoimatious 
of so radical a nature, that it is only by long and attentive 
study that we become convinced they are merely the altered 
forms of some of those rocks we have become already 
acquainted with, and only by calling in the aid of the 
chemist and mineralogist that we can form any reasonable 
conjectures as to the processes by which the alteration has 
been effected. 

It will be as well, before we come to a formal description 
of the rocks usually classed as metamorphic, or indulge in 
any speculation as to the causes to which metamori)hism is 
due, to lay before the student a description of one or two 
districts in which rocks of this class occur. In this way he 
win at the outset become acquainted with the nature of 
the evidence on which geologists base their belief in the 
metamorphic character of the rocks in question, and will 
see that it is on broad geological grounds that they are led 
irresistibly to this conclusion. It will appear that, when 
rocks of this class are studied in a large way in the field, 
they ore found to possess on a great scale many of the 
distinguishing characters of derivative deposits. They 
consist of alternations of rocks of (Htferent character and 
composition, just as iu sedimentary beds we meet with 
alternations of Shale, Sandstone, and Lime>stone. The 
several members are laid in regularly bedded order one 
upon another, and range over the country according to the 
direction and amount of their dip. Among them we 
occasionally find beds still retaining their fossils, conform- 
ably placed with regard to the strata above and below 
them, and evidently forming part of the same series.'*^ 
Some of the minor peculiarities of derivative d^^posits are, 
moreover, still to be detected in rocks of this class. Thus 
Mr. Sorby has recognised in Mica-schist exactly the same 
ripple-drift structure which we have already seen is so 
common in Sandstone. f Lastly, we occasionally meet witli 
transitions of the most gradual character between these 
rocks and stratified fossimerous deposits, the two melting 
imperceptibly into one another. From extensive observa- 
tions of this nature, wo arrive at the conclusion that the 
rocks now under consideration were originally sedimentary 
deposits, and that they have been subsequently altered so 

• Murchison, Siiuna,pp. 163 — vol. iv. ; Leonhard's Jahrbuch, 
169 ; Eussia and the Oural Moan* 1840, p. 352. 
tains, 402, 438, 466 ; Brochant, f Quart. Joum. Geol. Soc. of 
Annalos des MineB, 1st series, London, vol xix. p. 401. 



262 


GEOLOGY. 


as to acquire a crystalline textxire and oertain structural 
peculiarities. 

When we have thus seized on a clear view of the general 
nature and probable origin of the metamorphic rocks, we 
shall have to notice sundry laboratory experiments which 
j>oint to the same result as our field observations, and give 
us an insight into the way in which the transformation has 
been brought about. 

Xetamorphic Bocks of Carrara. — ^The first case that 
I shall bring forward has been already employed by Sir 
(Charles Lyell, but it is so much to the point that I do 
not hesitate to reproduce it here.^ 

On the borders of the Ghxlf of Spezzia, on the eastern shore 
of the Gulf of Genoa, there oocurs a weU-marked threefold 
group of rocks. The uppermost member is a fossiliferouB 
Limestone with nodides of Flint; below this are Shales ; and 
at the base argillaceous and siliceous Sandstones. These 
beds are intruded on at various points by eruptive Crystalline 
rocks, in the neighbourhood of which they be(5ome altered 
and the Limestone converted into w'hite Marble. But besides 
those local modifications, they are found, when they are 
followed inland to the heights of the Apennines, to have 
undergone a more wide-spread metamorj)hism, and to be 
at last replaced by a group in which a threefold sub- 
division can still be traced, but the members of which are 
of a totally difienmt • character to the rocks of the coast 
section. At the top is the statuary Marble of Can^ara ; 
beneath this are rocks known as Talc-schist, Mica-schist 
with Garnets, and Jaspery Pontellanile ; and the lowest 
member consists of Quartzite and Gneiss, into w^hieh an 
underlying mass of Granite sends veins. The CaiTara 
Marble is a rock of a finely crystaUino texture like that of 
loaf sugar, wdtli little or no trace of bedding, and without 
fossils, and contains prisms of crystalhsed Quartz ; the 
Schists and Gneiss are highly crystalline, and possess the 
structure known as foliation, that is, their crystals are not 
jumbled together without order, but are arranged more or 
less in layers, each consisting in large measure of only a 
single mineral, or they are split up into thin plates, the 
faces of whicdi are coated by one of their constituents, such 
as Talc or Mica. The Quartzite and Porcellanite are rocks 

* See Bone, Bulletin de la hard’s JahTbucb, 1833, p. 102, 
Soci4t4 04ologique do France, iii 1834, p. d63 ; and Karsten’s 

p. 32, for a sumropy of observa- Archiv., vol. vi. p. 229. 
lion on this district ; also Leon- 
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such as we have already seen 
are produced by the baking 
of Sandstones and Shales 
along the margin of igneous 
dykes. Now, dmering widely 
as the two ends of the sec- 
tion do, they yet both agree 
in having a c^oareous mem- 
ber at the top, an argilla- 
ceous member in the middle, 
and a siliceous member at 
the base ; and further, when 
the intervening country is 
examined, it is found that a 
passage may be traced b}^ 
almost insensible gradations 
fi*om each of the derivative 
members at one end into the 
highly crystalline corres- 
pondu^ member at the other 
end. The Limestone passes 
step by st*p into Mai'blo, 
losing in tfie • change its 
fossils and its bed<iing, and 
having its siliceous nodules 
convei^^^d into crystallised 
Quartz ; the Shales gratiuate 
into Schists and Porcellanite; 
the Sandstones slowly put on 
the foms of Quartzite and 
Gneiss. 

Here, then, is an admi- 
rable instantje of the gradual 
passage of rocks of a deriva- 
tive type into beds possess- 
ing the most intensely ciys- 
tallino structure. If we were 
suddenly transported from 
the coast to the mountain 
sides, we should never sus- 
pect any connection between 
the rocks of the one and 
tlxose of the other, so totally 
different are the two from 
one another; but, by going 
over the ground between, we 
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are enabled to detect so gradual a blending of tbe members 
of one group into corresponding members in the other, that 
we become, convinced that the beds at one end of the sec- 
tion can be nothing else but the transformed equivalents of 
those at the other end. 

The main facts just described have been thrown into the 
form of a diagram in Fig. 47. It must not be supposed 
that this is intended for a geological section of the country ; 
it is only an attempt to bring before the eye in a pictorial 
form what has just been described in words. 

Metamorpldc Rocks of County Bonegal. — The next 
instance that I shall lay before the reader is taken from a 
part of the large tract of Metamorphic rocks in the north- 
west of Ireland, and is illustrated by the section in Fig. 48, ♦ 

On the left we have sandy Limestones (1), and white 
Sandstones (2), with intrusive masses of Diorite (G). Tliese 
beds appear to have undergone some, but not a very large, 
degree of metamorphism. Some of the Limestoies are 
closely grained and semi-cry stallino, and among the Sand- 
stones we meet with beds of Quartzite here and there, but 
the main body of the rock shows feeble signs of alteration. 
Next comes a tliiok mass of Quartzite (3), forming the noble 
hiU known as Errigal Mountain ; this is an intensely hard, 
very closely grained rock, ciy^staUine in parts, well jointed, 
and splintery, very regularly and unmistakeably bedded. 
That it is a sedimentary Sandstone cannot be doubted, but 
the amount of alteration necessary to turn any Sandstone 
into a Quartzite of this nature must have been considerably 
greater than that which the underlying beds (1) and (2) 
have suffered. Upon the Quartzite there lievS a group of 
beds (4) consisting mainly of Mica-schist, with interbedded 
layers of Limestone, Gneiss, and a rock that cannot bi> 
distinguished from Granite. The progressive increase of 
alteration, which occurs in passing from (1) and (2) to (3), 
becomes still more strongly marked here ; the Mica-schist 
and Gneiss are foliated, the Limestones are all highly 
ciystaUine, in some cases converted into statuary Marble, 
and some of them contain plates of Mica, and some of 
the Granitic beds are coarsely grained crystallme aggre- 
gates. But in spite of the advanced stage of metamorphism 
through which they have passed, these rocks still retain a 
most characteristic and strongly marked bedding. In tliis 

• On the Granites of Donegal, H. Scott ; Journal Boyal Geol. 
&c., British Assoc. (1863); On Soc. of Ireland, i. 144; Geok 
the Granite Bocks of Donegal, E. Mag., ii. 216, vii. 663« 
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rei^ect they cannot he distin- 
guished from a group of inter- 
bedded Shales, Sandstones, and 
Limestones ; and it is only when 
we break into them, and become 
aware of their intensely crystalline 
texture, that we realise the amount 
of alteration they must have gone 
through to reduce them from the 
condition of ordinary derivative 
sediment to their present state. As 
we go towards the right across the 
group last mentioned, a gradual 
change becomes apparent; the beds 
of granitic Gneiss and Gb'anite be- 
come thicker and more numerous, 
and the intervening bands of Mica- 
schist thinner and fewer, till we at 
last reach ground where tho latter 
can no longer be detected and 
which is wholly occupied by Gra- 
nite. We can here be no longer 
certain of the existence of bedding, 
but the rock is traversed by a num- 
ber of di\isional planes ranging 
paraUol to the stratification of the 
undoubtedly bedded rocks on the 
left, and the layers, into which thc^ 
rock is divided by these planes, 
differ from one another in grain, 
mineral composition, and other pe- 
culiarities, just in the same way as 
the sucjcessive beds of an ordinar}’^ 
stratified derivative deposit are ob- 
served to do. Very grave suspi- 
cions, therefore, arise in our mind 
that this apparently amorphous 
ciystalline mass was once a bedded 
rock, and that the signs of stratifi- 
cation have been all but effaced by 
the intense degree of metamor- 
phism which it has been subjected 
to. 

The section just described offers 
to our notice a group of rocks 



Fig. 48. — SECTION Acuoss THB Mbtamobphic District op Eriuoal, Co. Donegal, Ireland. 

Scale If inches to a mile. 
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which, in hedding and other characteristics, presents the 
strongest analogy to derivatiTe deposits, while it differs 
from these latter in possessing a more or less pronounced 
cr 3 ’^staUine texture. On the first ground we are led to think 
that the rocks must have been originally derivative, while 
the impossibility of rocks as crystalline as those are having 
been fonned by derivative methods alone, convinces us that 
the crystallisation must have su|>ervened after their def>08i- 
tion. And it is in favour of this view that, in pro|W)rtion 
iis the ciy^stfillme texture becomes more and more marked, 
the traces of bedding become less and less distinct. 

It is by a consideration of a large mass of evidence, 
similar to that furnished by the two cases just given, that 
geologists are led to a conviction of the metamorj)hic origin 
of the rocks now under consideration. Let us summarize 
the facets just brought before us and the reasoning that 
flows from them. 

In the example of Massa Carrara we start on beds of 
the ordinary derivative ty|)e, and find tliem, as we follow 
them across the country, changing by degrees and gradually 
putting on new forms, till at last tlxey i^ass into rocks so 
totally different from those we began with in external look, 
mineral character, and everytliing oxcej>t ultimate chemical 
composition, that, if we had not been able to trace them 
continuously from one extreme to the other, and note all 
the intermediate links, we should never have suspected 
that the rocks at one end of the section were nothing more 
than the altered equivalents of those at the other end; 
but so insensible is the transition, that there cannot be a 
8ha<low of a doubt on tliis point. 

In the Irish instance our reasoning takes a different line: 
there is not the some gradual passage of the same rock from 
its unaltered to its altered state ; the beds are all of tbem 
more or less of the same typo as those at the Apennino 
end of the Carrara section. Now, no one can gainsay the 
conclusion that the latter are altered derivative rocks, and, 
on the strength of the exact resemblance between the two, 
we do not hesitate to assert the same of the Irish beds, 
even though we can nowhere follow tliem passing into an 
mialtered state ; and this conclusion is f urilier supported by 
our finding in the greater part of them bc^ided structure 
still remaining. 

One more fact calls for special notice. In both cases the 
intensity of the metamorphism keeps increasing, as we go 
in a certain direction, till the series ends in Qranite. It 
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may be that the Granite has been intruded in a fused state, 
and that heat spreading from it has brought about, in a 
maimer which will be discussed shortly, the metamorphism 
of the surroimding rocks. But it is equally likely, in many 
cases far more probable, that the Granite itself is only the 
result of the extreme stage of metamorphism ; that the 
process, which at certain stages only gave rise to Gneiss, 
when carried a step further went to the length of actually 
fusing the rocks it affected, and that the molten mass, 
cooling under pressure, hardened into Granite. But we 
shall have more to say on this point in the next chapter. 

ZSffects of Sffotamorphisiii. — The most obvious result 
of metamorphism has been to superinduce a crystalline 
structure in rocks originally derivative. Its effects upon 
the bedding vary in different cases ; sometimes the stratifi- 
cation can be still distinctly traced, sometimes it has been 
obscjured or replaced by the structure already alluded to 
as foliation, sometimes neither the original bedding noi 
foliation are present ; if a rock originally contained fossils, 
these are usually obscured, aud frequently altogether 
effaced, by metamorphism. 

Bub^visiou of HiCetaiiiorplLio Bocks. — We may 

conveniently divide the Metamurphic rocks into three 
classes : — 

1st. Those which still retain their bedding. 

2nd. Foliated or {Schistose rocks. 

3rd. Certain CVystaUine rocks of the Trappean and Plu- 
tonic groups, which are believed by many geologists to be 
excessively metamorphosed rocks. 

About the origin of the first there can be no doubt ; their 
bedded structure, the oecusional presence in them of fossils, 
and the passage that can often be traced from them into 
the unaltered rock by whose metamorphism they were pro- 
duced, puts this beyond question. W e get an inkling as 
to the way they M^ere produced by observing that they 
closely resemble the bands of baked and altered rock, 
which have been already noticed as fre^|uciitly surround- 
ing intrusive igneous masses, and by sundry laboratory 
experiments by which some of them liave been produced 
artificially. 

The origin of the Schistose rocks is not quite so evident 
at first sight. Considered by themselves and judged only 
by isolate hand specimens, there is little about them to 
suggest a relationship to the rocks of the first class ; but a 
study of them in the field does ocxjasionally show a passage 
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from them through the latter to unaltered derivative rooks, 
and leads us to believe that they represent a more advanced 
stage of metamorphism, in which the rock, without being 
actually fused, was so far softened and its coherence 
weakened, that its constituent minerals were free to move 
among one another and group themselves in separate 
layers, and, maybe, to become decomposed into their 
chemical elements, so that the latter were able to enter into 
new combinations. 

' There is not much difference of opinion among geologists 
as to the origin of the rocks which make up the two closes 
just described ; they are generally admitted to bo altered 
derivative deposits. But by no means the same unanimity 
prevails with respect to many of the rocks which wo pro- 
pose to place in the third class. We shall follow those 
authors who class as metamorphic certain members of the 
Trappean and Plutonic groups, such as many Diorites, 
Compact Pelstones, Granites, and Syenites, under the be- 
lief mat the partial fusion wliich these rocks liave probably 
undergone has been brought about by the same causes 
that gave rise to the metamorphism of the rocks of the first 
two classes, only that in the case of the former the action 
was more vigorous and was carried further than in the 
case of the latter. In a word, we shall adopt the opinion 
that the rocks in question are only intensely metamor- 
phosed products. 

But it is only right to state that there are other geolo- 
gists who wiU not admit the possibility of these rocks 
having had a metamorphic origin. 

That Trappean and Plutonic rocks have been once in a 
state of partial fusion is allowed by both sides ; the two 
schools differ in their explanation of the way in which the 
molten condition was brought about. 

In order to make the matter clear, it will be necessary 
to give a summary of the opposite opinions held on this 
subject. 

There is good reason to believe that the whole earth was 
once in a state of fusion, and, according to one school, it 
consists now of an external solid crust, within which a 
mass or detached masses of the ori^nal fluid material 
stiU remain in a molten condition. Taking this view of 
the constitution of our planet, some geologists will have it 
that all lavas are portions of this molten interior mass, 
which have been forced up to the surface, and that those 
rocks known as Trappean or Plutonic, which differ from 
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fiubaerial lavas in being more compact and crystalline, are 
portions of the same molten interior mass which have 
cooled and hardened under pressure. This school, then, 
draws all igneous products from an internal permamntly 
molten reservoir. 

But of late years a more careful examination on a large 
scale in the field of the rocks hitherto classed as Trappean 
and Plutonic has shown that they can be occasionally 
traced passing insensibly into foliated, or less highly 
metamorphosed, or even unaltered derivative rocks ; and 
also that they occur now and then in masses of a bedded 
aspect among undoubtedly stratified deposits. 

^ese facts have led to the belief that such rocks have 
not been derived from a molten interior mass, but that they 
are only intensely altered portions of the solid crust ; and 
when we can trace an ordinary derivative rock becoming 
gradually crystalline, then putting on foliation but still 
retaining traces of its bedding and original character, and 
lastly gradually losing step by step every peculiarity whi(h 
originally distinguished it and passing into an amorphous 
crystalline mass, it does seem reasonable to conclude that a 
chain of results so closely connected with one another are 
only successive steps of the same process, and that the only 
difi'erence between the last and the earlier stages is that 
in the former the process of alteration has been more 
thoroughly carried out than in the latter. Ac(?or(ling to 
this view, then, Plutonic and Trappean rocks have bcxm 
produced by the melting dowm of portions of the solid 
crust, and fusion was produced by a more energetic action 
of the same causes %hich gave rise to foliation and other 
metamoiphic changes. And since lavas are only the sub- 
aerial forms of Trappean and Plutonic rocks, they also 
are believed to have arisen in the same manner and from 
the same cause. By those who take thivS view rocks, which 
we would place in a third metamor].)hic class, are looked 
upon as the result of a stage of alteration still more 
advanced than that which gave rise to foliation ; they have 
been more than softened and rearranged — they have been 
actually reduced in some cases to a state of partial fusion. 

Adopting this view of the origin of Trappean and 
Plutonic masses, we can distinguish two forms under 
wliich they occur. They sometimes seem merely to take 
the place of portions of the surrounding beds without show- 
ing any signs of breaking forcibly through them ; in other 
cases they behave intrusively, and s^d out tongues or 
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dykes into the neighbouring iw3ka. In the first case a 
body of the original rook seems to hare been quietly melted 
down or otherwise transformed into a crystaHine mass ; in 
the second the action was more energetic — ^the rock was not 
merely fused, but expanded during tlie process of metamor- 
phism, and was by this means foix^ibly injected into fissures 
and rents in the snrrounding strata.* 

The two views as to the origin of molten igneous pro- 
ducts are not necessarily antagonistic. They may be both 
true. Some lavas and traps may have come from an 
interior permanently fluid reservoir, and some may have 
been prodiu^ed by the melting down of portions of tho 
solid crust. On the other hand, the existence of any 
permanently molten masses near enough to the surface to 
allow of tlieir contents being forced out into the air, seems 
on many grounds extremely improbable. 

In the preceding pages the words melted,^’ fused,” 
molten” have been repeatedly used. In dealing with 
lavas we pointed out that, tliough we might employ for 
shortness sake these and similar expressions, tho reader 
must carefully bear in mind that they did not necessarily 
imply perfect or simply igneous fusion. A similar restric- 
tion applies in the present instance, for we shall see shortly 
that w'ater and other agencies aided heat in the producftion 
of metamorphism, and that there is no reason to believf> 
that even the most intensely inotamoiq)hosed rocks have 
been more thoroughly melted than ordinary lava. 

SECTION 11.— DESCRIPTION OF THE PRINCIPAL VARIE- 
TIES OF THE METAMORPHlC iiOCKS. 

We will now notice some of the chief veurieties of the 
Metamorphic rocks. 

Ist Class. — Those which stile eetaix Tbaces of Bedding 

AND OTHER l^OOFS OF THEIR ORIGINALLY DERIVATIVE 

Condition. 

(a) Siliceom Member h, 

Qmrtt-rock or Qmrtzite. — Aii aggi’egate of Quartz grains 
bound together into a very harcl compact rock with a 
splintery fi’acture. It can scarcely be called a Crystalline 
rock, but the presence of Quartz crystals in cavities, and 
oc5casionally in the body of the rock itself, show that a 
crystalline texture has been begun to be set up in it, and 

* See Sterry Hunt, Quart. Jcum. Gteol. Soc. of London, xv. 490. 
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file grains, when examined through a lens, have a semi- 
fused aspect. Intermediate varieties occur between the 
most crystalline form of Quartzite and the more closely 
gained Sandstones, whi(Ii lead* us to believe that the 
former is an altered condition of the latter ; and this conclu- 
sion is confirmed by the following considerations. Blocks 
of Sandstone, which have been for some time in use for 
the hearths of furnaces, are converted into Quartzite, and 
have sometimes a prismatic structure given to them ; * and 
when igneous rocks have burst through Sandstones, a belt 
of the latter surrounding the intrusive mass is frequently 
found to be baked into a perfect Quartzite. 

The typical Quartzites arc almost purely siliceous rocks, 
but varieties occur enclosing crystals of Felspar and other 
minerals, and one form contains Mic*a in sufficient abund- 
an(^e, and arranged with sufficient regularity in layers, to 
give it a s^ihistose structure. 

Lydian 8fAme . — Differs mainly from Quartzite in contain- 
ing small admixtures of Alumina, Carbon, and Oxide of 
lion ; the amount of the impurities vari(*s very much in 
(lifforeiit specimens ; often ribhoncMi or laminatod. As the 
more typical Quartzites have arisen from the metamorphism 
of higluy siliceous Sandstones, Stone would seem 

to be the result of the alteration of the more impure argil- 
laceous Sandstones and sandj^ Shales. A case has berm 
already given where Sliales have haen converted by con- 
tact with an igneous dyke into a sort of Lydian Stone. 

Innumerable varieties of rocks, to which it is scarcely 
possible to assign definite names, have arisen from the 
alteration of impure Sandstones. A very mstrurrtive in- 
stance is described by Prof. Eamsay in the neighbour- 
hood of Llanberis.f Uudenieath the well-known roofing 
Slates of Penrhyn and Ifianbcris is a grouj) of bands of Slate, 
Qrit, and Conglomerate resting on a mass of quartzose 
porph;yTitic Felstone, The Slates, Grits, and Conglomerates 
are altered for some distance from the junction, “the 
alteration increasing as it approaches the undoubted Por- 
ph3rry ; and it is easy to note, fost, the disappearance of the 
granular structure in the conglomeratic and sandy matrix, 
and its gradual assumption of a porphyritic character vrith 
small crystals of P'elspar embedded, while the enclosed 
pebbles still retain their distinctive forms ; and again, on 

* Be la Beche, Researches in (Memoirs of the Geological Sur- 
Theoretical Geology, p. 109. vey of England and Wales), pp. 

t The Geology of N. Wales 140—145. 
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approaching the repognised Porphyry, the hard outlines of 
the pebbles in the Conglomerate OTadually melt away till 
they become indistinguishable in the general fusion of the 
rock. So closely does ^he matrix of tlie altered rock 
resemble the adjoining typical Porphyry in colour, tei^ure, 
and even porphyrytic character, and by such insensible 
gradations do they melt into one another, that the sus- 
j)icion or rather the conviction constantly recxxrs to the mind 
that the solid Porphyry itseK is nothing but the result of 
the alteration of the stratified masses carried a stage further 
into the region of that kind of absolute fusion that in so 
many^ regions resulted in the formation of Granites, Syenites, 
and other rocks commonly called intrusive ; and this view 
is aided by the fact that it is impossible to define any line 
of demarcation between Conglomerate and PorphyTy.*^ 
Pelspatliic JSandstonea, more or less altered, make up a 
great paii: of the Siliman rocks of the southern uplands of 
S(;otland.* 


{h) Argillaceous Mcmhers, 

Clay Slate , — This rock may well be placed in the Meta- 
morphic group, though the main alteration that has been 
produced in it is not so much the development of crystalline 
texture as haideniiig and the production of the peculiar 
structure filready^ described under the name of Cleavage. 
The ditferent vaiieties of Clay Slate correspond in mineral 
and chemical ( omi^osition with the various forms of argil- 
laceous Shale, and differ only^ from the latter in their more 
perfect induration and the possession of cleavage. Both 
these distinguishing characteristics are due, as we have 
already seen, to pressure. The cleavage planes of some 
(^^lay Slates are flecked over with flakes of Mica, Talc, 
Chlorite, Chiastolite, and other minerals. In these varieties 
metamorphism has advanced a step further, and has given 
rise to an incipient foliation which allies them to the 
Schistose rocks. 

Porcellaniie . — The metamorphism of some Clays has 
given rise to a ro(.'k which, frt)m its resemblance tr> 
earthenware or china, has received this name. Whtm 
stained red it is kno^vn as Jaspory Porcellanite, or Porce- 
lain Jasper. 

♦ J. Geikie, Quart. Joum. Goolog-y of East Lothian, The 
Geol. Soc. of London, xxii. 513; Geology of East Berwickshiie. 
A. Gkiikie (Memoirs of the Geolo- and Explanation of Sheets 3 and 
gical Survey of Scotland), The 16* 
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(c) Calcareom Memhers, 

CrydalUneLimedme . — All tolerably pure Limestones seem 
to liavo a tendency to assume a crystalline texture. This 
may be seen, for instance, in many parts of the Carbon- 
iferous Limestone of the centre of England, wliich there is 
no reason to suppose has ever been subjected to any specif, 
metamorphosing influence. The dissolution and procipita- ' 
tion of Carbonate of Lime by percolating 'wnter has nb 
doubt much to do with producing this result, but very 
likely the slow working of molecular change may have 
aided. With a tendency of this nature, it is no wH)nder that 
Limestones, when metamorphic agencies are brought to bear 
on them, are readily convcHod into a semi-ciystallino or 
crystalline state. All sorts of varieties occur, some largely 
and coarsely crystalline, others containing crystals of foreign 
minerals, such as Mica, Chlorite, Garnet, &c., and some of 
a beautifully even, closely-grained, texture, resembling 
loaf-sugar, and capable of taking a polish. The last, wliich 
are known as Saccharoidal Limestones, furnish the Statuary 
Marble of commerce. We have already noticed one case iji 
which Limestone of the ordinary derivative ty])o is observed 
to pass on a large scale into a Crystalline rock ; the same 
change is often noticed whore Limestones are invaded by 
igneous rocks, as, for instance, in the case of the Chalk 
of the north-east of Ireland.^ Crystalline Limestone has 
also been produced artificially. When Limestone is burnt 
ill the open air the Carhonio Acid is driven off and quick- 
lime remains behind ; hut Sir James Hall, by confining 
Limestone in a closed vessel so as to prevent the escape of 
the Cai’honic Acid, and heating it, succeeded in converting 
it into Statuar}’' Marble. f Tho experiments were made 
with Chalk, common Limestone, Marble, 8pa.r, and fisli 
shells. In all cases the Carbonate of Lime, which liad been 
introduced in the state of the finest powder, was agglutinated 
into a firm mass, possessing a degree of hardness, compact- 
ness, and specific gravity neixrly approaching to those 
qualities in a sound Limestone ; and some of the results, 
by their saline fracture, by their semi-transparency, and 
their susceptibility of a polish, deservetl the name of Marble, 
One specimen, formed from pounded 8])a.r, was so coinplett^ 
as to deceive tlio workman employed to polish it, who 

♦ Buckland and Conybeare, gical Observer, p. 700. 
Transactions Geol. Soc. of Lon- t Edinburgh Phil. Transac- 
don, iii. ; D© la Beche, Geolo- tions, vol. vi. p. 71. 
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declared that, were the substanoe a little whiter, the quarry 
from which it was taken would be of great value if it lay 
within reach of a market. This last and some others soon 
crumbled and fell to dust ; but many others resisted the air 
and retained their polish as well as any Marble. 

In some of the micaceous metamorphic Limestones the 
Mica occurs in sufficient abundance to give them a schistose 
structure. 

Dolomite, — We have seen that some Dolomites and 
Magnesian Limestones have probably been formed by 
chemical precipitation, others have undoubtedly been pro- 
duced by the alteration of Limestone. Such a change is 
called doloniitization. Various views have been held as to 
the methods by which the metamorphism has been brought 
about. Arduino in 1779, Heim in 1806, and Von Buch in 
1822, suggested that where aumtic igneous rocks have 
burst through or been irrupted below Limestones, mag- 
nesian vapour had risen from the fused mass, insinuated 
itself through the body of the rock, and given rise to 
dolomitization.* This view was stoutly upheld by the last 
great geologist; and he pointed to the huge dolomitic 
masses of the Tyrol, below wliich great bodies of Mela- 
phyre exist, as a case in point. Subsequent examination 
has shown that the explanation will not hold good in this 
case ; f but there is no doubt that Limestones are some- 
times dolomitized when they come in contact with mag- 
nesian igneous rocks. Bisehof quotes a case, mentioned 
by Coquand, of a Limestone in contact with Basalt, which 
became more and more magnesian the nearer it approached 
the latter rock.J But he does not believe the change to be 
due to the action of vapour, and prefers to account for it 
by the percolation of water holding Carbonate of Magnesia 
in solution. The latter salt ho believes was obtained by 
the decomposition of the Silicate of Magnesia of the 
Basalt by carbonated water, which found its way down 
between the dyke and the adjoining rock. An experi- 
ment of Durocher's is, on the other hand, somewhat in 
favour of the vapour theory. He heated together frag- 
ments of Limestone and Magnesian Ghlorido in a close 
vessel, and succeeded in converting part of the former into 
Dolomite. § 

* See Naumann, Geognosie, i. Franco, 2nd Bor., vi. 506—516 ; 

763 — 766, for details and roier- Nanmann, Ueognosie, i. 768. 
ences. t Chomical Geology, iii. 179. 

t Fournot, Bull, Soc, Gcol. de y Coinptes Bondus, xaiii. 64 

(1861). 



BOLOMmZATION. 


275 


Even supposing, however, that magnesian vapours have 
been in some cases the cause of dolomitization, we can 
hardly suppose that their effect would extend to any ^eat 
distance from the source which gave them off, and can 
scarcely apply this explanation to account for the trans- 
formation of great masses of limestone into Dolomite. 
Another explanation, to which the objection just men- 
tioned does not apply, is that dolomitization was produced 
by the percolation of water holding Carbonate of Magnesia 
m solution.* 

Professor Harkness has explained in this way the occur- 
rence of Magnesian Limestones among the Carboniferous 
Limestone of Co. Cork.f They occur imder two forms ; 
in some cases they are interstratified with the ordinary 
Limestone, in others they form vertical ribs, cutting 
across the bedding like i^eous dykes. Wherever the ribs 
occur the rock is well jointed, the walls of each rib being 
formed by joints; but where beds prevail the rock has 
little or no jointing. In the first case the dolomitising 
solution found its way most readily down the open vertical 
fissures, and, spreading into the adjoining rock, altered a 
band bounded by the) joints that gave it passage ; where 
there were no joints, the easiest path was parcel to the 
planes of bedding through tlie most permeable stratJi. 
Professor Harkness also points out that in some cases the 
alteration is greater in the upper than in the lower part of 
the rock, as if the producing cause had been something 
introduced from above. He supposed the dolomitizing 
agent to have been the Sulphate of Magnesia and Chloride 
of Magnesium of sea-water. According to Favre, these 
substances can alter Limestone into Dolomite only under 
great pressure, and at a temperature of 200° C., condi- 
tions which we can hardly suppose to have been present. 
It seems more likely, therefore, that it was a solution of 
Carbonate of Magnesia that worked the change. Eibs of 
Magnesian Limestone, like those just described, are also 
met with in the Carboniferous Limestone of Yorkshire, 
w'here they are known as “ Dun courses.” Other cases of 
Dolomite occurring in ribs will be found in Naumann’s 

* Bischoff, Chemical Geology, t Quarterly Journal Ghjologi- 
iii. 164—167, 179 ; Dana and cal Society, xv. 100 ; see also 
Jackson, Silliman’s Joum. xlv. Wyley, Journal Dubhn Geologi- 
(1843) 120, 141 ; Nauch, Poggen- cal” Society, vi, 109. 
dorf Ann., Ixxv. (1848) 149* 



276 


GEOLOGT, 


Oeognosle, i. 766, 767, with many references to the Ktera- 
ture of the subject. 

Magnesian Limestones are very frequently full of cavities, 
and Elie de Beaumont has suggested that these are the 
result of the decrease in bulk which would accompany 
the transformation of Limestone into Dolomite, if it were 
effected by the process we are now considering. The 
manner of the change was thus. Water holding Carbo- 
nate of Magnesia in solution percolated through me rock ; 
the tendency of this salt to unite with Carbonate of Lime 
caused it to be precipitated, and the carbonated water took 
up in its place Carbonate of Lime. Out of every pair of 
atoms of Carbonate of Lime one w^as removed in solution, 
and its place taken by an atom of Carbonate of Magnesia. 
Now — 


Bulk of two atoms of Carl), of Limo = 

At omic w eight 200 

Spec. gray, of lamustono *i. 7 


Bulk of one atom of Garb, of Limo atom of Garb, of Magnesia =: 

Atomic weig ht 184 

Spec. gray, of Boloniito 2.85 

WTience — 


184 

Bulk of resul ting Bolomito 2.85 

Bulk of original Limestono 200 


•87158 = 1 - *12842 


So that the shrinking ought to bo between 12 and 13 per 
cent. In some actual cases Elie de Ih'aumont estimated 
the cavities at 12.9 per cent, of the whole rock. 

The same explanation will ai)x)ly to the formation of 
what are knowm as Potato-stones. These are pebbles 
which are known by the fossils they (contain to have been 
once Limestone, but which have been converted into Mag- 
nesian Limestone. They are hollow inside, and the w alls 
of the cavity are coated with crystals of Bitter Spar. If 
the alteration was effected by a solution of Carbonate of 
Magnesia, the consequent shrinking would account for the 
internal hollow. 

A grouj) of rocks belonging to the Penniaii formation, 
at Barrowmouth, near Whitehaven, seems to furnish an 
instantJO where dolomitization has been brought about by a 
solution percolating from above downw'ards. The sec- 
tion is : — 

3. Bed Marl with lenticular masses of Gypsum. 
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2. Magnefiian Limestone, pebbly in lower x)art. 

1 . Breccia, with dolomitic cement in upx)er part. 

The Brecciia contains, besides other rocks, many x)ebbles 
of Carboniferous limestone ; and in the upper X)art, where 
the cement has a dolomitic character, those are frecxuently 
converted into Potato-stones. The Limestone, according* 
to Mr. Binney, is one mass of indistinct fossil shells, and 
contains numerous small hollows filled with Spar ; it con- 
tains, according to his analysis, about 77 per cent, of 
Carbonate of Lime and 11*6 per cent, of Carbonate of 
Magnesia. The abimdance of fossils in the rock makes it 
unlikely that it is one of those Limestones which were 
formed by preeix)itation from a solution of calcareous and 
magnesian salts ; it is most likely of organic origin, and 
was originally an ordinary Limestone. If this bo true of 
tlie Limestone, it is highly x>robable that the Breccia con- 
tained at the time of its formation no magnesian matter. 
Wo may therefore look upon these two rocks as having 
been originally ordinary marine dex)osits. But the over- 
lying Eod Marl with Gypsum points to a change of con- 
ditions. These were x>robably formed in inland waters, 
X^erhaps by some such reaction as Storry Hunt has suggested, 
whereby Gypsum and Carbonate of Magnesia were x>re- 
cix>itated ; the latter was carried down in solution through 
the underlying beds, slightly dolomitizod the Limestone, 
giving rise to the drusy cavities, and penetrated some way 
into the Breccia, converting the Ijimestone x^ebbles into 
Potato-stones. The fact that the lower part of the breccia 
does not ax)X^ear to be altered seems to show that the 
water had been robbed of all its magnesian salt before 
reaching the bottom of the bed.* 

Mr. Sorby boHevos many of the Permian Magnesian 
Limestones, and also the magnesian x>ortions of the Car- 
boniferous iind Devonian Limestones, to be altered Lime- 
stones. He says that in thin sections of these rocks frag- 
ments of the organic bodies of which they were {iomx)Osed 
may be sometimes detected, but that frecpiently the original 
mechanical structure has been entirely obliterated by the 
change. He believes the alteration may have boon brought 
about by the infiltration of soluble salts of sea- water, when 
it had become so far concentrated tliat Eock Siilt w^as 
dex)08ited, and that the calcareous salt removed during 

* For further particulars about ii. 374 ; Harkness, Quart. Jouru. 
these beds, see Binnoy, lit and Geol. Soc., jtx. 160. 

Pliii. Soc. Manchester, 3rd ser., 
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the change gave rise to accumulations of Gypsum by 
decomposition with the sulphates of sea- water. Some very 
solid Dolomites, he remarks, do even now contain about 
one-fifth per cent, of salts soluble in water, Chlorides of 
Sodium, Magnesium, Potassium, and Calcium, and Sul- 
phate of Lime, which are doubtless retained in minute 

fluid cavities.” These must have been produced at the 
same tune as the Dolomite, and caught up from the solu- 
tion then present, which is thus indicated to have been of 
a briny character.’*^ 

As a third means of explaining the origin of Dolomite, it 
has been suggested that water might remove from a Dolo- 
mitic Limestone the Carbonate of Lime, leaving the inso- 
luble double carbonate behind. Some organisms do secrete 
and introduce into their hard parts Carbonate of Magnesia 
as well as Carbonate of Lime, and it has been hinted that 
if an organic Limestone was formed of these remains, and 
the two carbonates became united, the superfluous Car- 
bonate of Lime might be removed, and a Dolomite formed. 
The highest percentage of Carbonate of Magnesia known 
to exist in any hard organic structure is 7*644 per cent., 
and therefore the application of this hypothesis to Lime- 
stone formed by animals at aU approaching recent forms 
in this respect is quite inadmissible, on account of the 
enormous shrinking it would involve. 

Besides the Dolomitic rocks already mentioned, there 
are others interstratified with highly metamorphosed rocks, 
such as Gneiss and Mica-schist, and containing crystals of 
Mica, Talc, and Quartz, which we can hardly look upon as 
anything but the products of alteration. By what means 
the change has been brought about is as yet uncertain. 

In deaBng with those Magnesian Limestones which seem 
to have been formed by precipitation, we were obliged to 
admit that, though there was good reason to believe that 
they had a chemical origin, we were still quite in the dark 
as to the exact nature of the reactions by which they had 
been produced. Our position is very much the same with 
regard to the Dolomitic rocks we have just been treating 
of ; there are strong grounds for the opinion that they are 
altered Limestones, but how exactly the alteration was pro- 
duced is still an open question. 

Gypsum, — 'W e must now say a word about these G;^- 
sums, which have probably been produced by the alteration 
of other rocks. 

t lieporta of Aesooiation, 1856, Transact* of Sections, p. 77* 
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There can he no doubt that Anhydrite, where it has been 
exposed to the action of the air or of percolating water, is 
converted into Oypsum. The process has been observed 
actually going on, and cases have been observed of masses 
of Sulphate of lime which are composed of a coating of 
Gypsum wrapped over a nucleus of Anhydrite. 

Again, Limestone may be, and in many cases pro* 
bably has been, converted into Gypsum. There are casec 
known, in the Alps and elsewhere, where a group of rocks 
contains at some spots great thicknesses of limestone, 
while at other spots the corresponding ^rtions of the some 
group are composed of Gypsum ; the Ijimestone, in fact, is 
replaced by Gypsum. We can hardly suppose this to have 
been the original state of things ; it seems scarcely possible 
that marine organic deposits and chemical precipitates could 
have been formed thus closely side by side ; the more reason- 
able explanation is that the Gypsum is altered Limestone. 

The change may have been brought about in various 
ways. The action of sulphurous acid, which is given off 
from volcanic sources, would change any Limestone it came 
in contact with into Gypsum. It is doubtful whether 
vapour could make its way so thoroughly through the 
whole rock as to transform large masses ; but if converted 
into Sulphuric Acid it might be carried by water into the 
very heart of the rock. Sterry Hunt believes that this is 
the origin of certain masses of Gypsum in the Onodaga 
Salt Group of Canada ; springs are met with, in the district 
where the Gypsum occurs, containg free Sulphuric Acid, 
and he thinks that, if this water came in contact with the 
Limestone of the group, it would form a calcareous sul- 
phate, nearly all of which, on accoimt of its slight solu- 
bility, would be deposited in a crystalline form.’^ He 
mentions that in one case Mr. Mun‘ay observed a slender 
cylinder of GTOSum running up through several beds of 
Limestone, and extending in overlying Tertia^’^ Clay. 

The conversion of Anhydrite or Limestone into Gypsum 

♦ On the Acid Springs and tifiod, and to have no connection 
Gj^jeum Deposits of the Onodaga with the springs of the present 
SaltGronp, (Silliman^sJoum., 2nd time.” Sterry Hunt, however, 
ser., viii. 175 (1849). IntheEe^ maintains there are two Gypsume, 
port on the G^^logy of Canada to one contemporaneous wi& the 
1803 (p. Zb2)y it is stated that the rocks among which it occurs, the 
Gypsums of the Onodaga group other now being formed in the 
of Canada ** seem to be oontempo- manner explained in the text 
raneous with the Shales and Dolo- SiUimun's Journ., 2nd ser., xxvii:, 
mites in which they are interstra- 365 (1859). 
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is attended by a considerable increase in btilk, and tbis cir- 
cumstance has been applied to account for a pmszling 
occurrence often met with in the neighbourhood of large 
masses of Gyjisum. Around such masses the overlying 
rocks are tilted up frequently at high angles and bent into 
an arch, while the rocks below lie perfectly flat. It has 
been suggested, that, as the original rock swelled during its 
(conversion into Gypsum, it bulged up into a boss and bent 
u]) wards the rooks that lay above.^ The Canadian Gy]3- 
sums just mentioned are stated, by Sterry Hunt to occur in 
dome-shapod masses from one to four hundred feet across, 
the overlying strata are tilted and wrap over the surface of 
the domes, wliile the beds underneath are undisturbed ; he 
also says that the ground rises in hillocks above the masses 
of Gyi)sum, and that houses are known in some cases to 
have been gradually raised by tlie elevation of the surfacio, 
and masses of Gypsum have afterwards been found beneath 
thein.t 

As another possible source of G 3 q)sum, it has b(ien pointed 
out that in \'olcauic districts Bulpharett(^d Hydrogen is 
given off, and by decomposing Silicates of Lime produces 
G}q)8iun and Sulphur. 

The theory of the metamorpliic origin of Gyx^sum is, 
however, as yet in a very rudimentary state. For further 
hints tlie reader may refer to Bischof s ‘ ^ C]i(?mioal Geology, ” 
chap. xix. ; Naumaiin’s ^‘Geognosie/’ i. 700 ; ZirkeFs Pe- 
trologie,” i. 268 — 273; Murcliisoii, Quart. Journ. Geol. 
Soc., V. 172 ; Coquand, Bull, de la Soc. Geol. de la France, 
2nd series, iv, 124 (1849). 

{d) Carhonacwus Memhers. 

Graphite is the only rock coming under the head suffi- 
ciently common to be noticed here. 

It consists t)f Carbon with about five per cent, of impuri- 
ties, such as Silica, Alumina, and Oxide of Iron. 

We have already had o(X)asion to notice Graphite as a 
cemstituent or accessory mineral in several roelts. It also 
occurs in beds and lenticular masses among Schists, Crys- 
talline Limestone, Gneiss, and other motamorjdiici strata. 
In general arrangement and microscopic structure these 

♦ Elie de Beaumont, Explica- part of the statement comes from 
lion de la Carte Geologique de la some ingenious and kindly Yan- 
France, ii. 69, 90. keo, good at a story, and anxious 

t Loc, cit. It is diflScult to to give Dr. Hunt a lift, 
resist the notion that the latter 
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layers of Graphite correspond frequently with Coal and 
some bituminous deposits, and there is every reason to 
believe that in many cases Graphite is a highly metamor- 
phosed Anthracite. 

J ust as thick masses of pure Limestone may be looked 
up as proofs of the existence of animal life at the time of 
their formation, thoiigh no fossils may now be recognisable 
among them, the probability that Graphite was originally 
of vegetable origin is so great that its occurrence makes it 
extremely likely ,that veg(‘table life existed duniig the 
period represented by the rocjks in which it is met with.^ 

2nd Class. — Foliated or Schistose Bocks. 

Nature of Foliation. — ^Foliation, the structure whi(^h is 
the distinctive characteristic of the rocks we have next to 
consider, is defined by Professor Sodgwidcf to be, a8ex>a- 
ration of rock masses into crystalline layers of different 
mineral comjwsition ; ” and by Mr. 1). Forbes J is described 
as a parallel structure, which makes its ai)i>ea ranee in 
rock masses owing to the arrangement of cei'tain crystallised 
minerals in more or less x^^raUel lines, along which the 
cr>"stals lie on th(3ir flat sides or lengthways, i.e. having 
their longer axes in the direction of, and not against, the 
gi’ain of the rock. ’’ The first thing we notice about a foliated 
rocik is a flaky structui'e or a tendency to sjdit along xfianes 
rudely piirallel to each other into loaves (folia) or laminae ; 
and further that this tendency is caused by the presence 
of roughly parallel layers running through the body of the 
rock com^josed in largo measure of jdates of a single mineral, 
such as Mica. But these characters alone do not constitute 
foliation ; exactly similar ones are found in some derivative 
rocks, such as micjacjeous Sandstone. Tlie distinctive feature 
of foliated rocks consists in their mineral flakes being enj^- 
talluedj whereas in those dc^rivativo rocks wliicdi have a 
deceptive appearance of foliation the mineral jilates are 
w'orn by attrition. • 

It is the crystalline character of the constituent minerals, 
taken along with other peculiarities to be sliortly noticed, 
wliich leads us to look on foliation as a sui)erinduced 
structure. 

♦ Dawson, Quart. Joum. Geol. t Popular Scieuco Review 
Soc., xxvi. 112. (1870), p. 229. The last clause 

t Paper already quoted on seems hardly wanted, because it 
“ Structure of XiUrge Rock is the arrangement of the ciys- 
Masses.” tals that gives the rock its grain. 
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Degrees of Foliation. — ^Foliation varies very much, in 
degree. Cleaved Clay Slate often shows an incipient folia- 
tion, the planes of cleavage being “ coated over with Chlo- 
rite and semi-crystalline matter, which not only merely 
define the planes in question, but strike in parallel flakes 
through the whole moss of the rock.”^ 

Darwin mentions a case of what looks like arrested do- 
velopement of foliation in Terra del Fuego. **In several 
places I was particularly struck with the fact, that the fine 
laminee of the Clay Slate, whore cutting straight through 
the bands of stratification, and therefore indisputably true 
cleavage planes, differed slightly in their greyish and 
greenish tints of colour, in compactness, and in some laminae 
having a more jaspery appearance than others.’* t Had 
the process, of which we see in this instance the commence- 
ment, been carried on, the result would doubtless have 
been a foliated rock, with its flakes parallel to what are 
now planes of cleavage. 

From cases, such as those just mentioned, of rudimentary 
traces of this structure up to the most complete crystallisa- 
tion and parallel arrangement of the component minerals, 
all sorts of intermediate gradations exist, and may some- 
tiincs be observed melting imperceptibly into one another 
in the same rock mass, as in the follomng case observed 
by Mr. Darwin at the Cax)e of Good Hoi)e. A mass of 
Granite has there burst through day Slate. At the dis- 
tance of a quarter of a mile from the s^iot where tlie Granite 
apxiears on the beach (though probably the Granite is much 
nearer under ground) the Clay Slate becomes slightly more 
compact and crystalline. At a less distance, some of the 
beds of day Slate are of a homogeneous texture, and 
obscurely stiiped with different zones of colour, whilst 
others are obscurely spotted. Witliin a hundred yards of 
the first vein of Granite the day Slate consists of several 
varieties — some compact with a tinge of purple, others 
glistening with numerous minute scales of Mica and im- 
X)erfec*tly ciystabiseti Felspar, some obscurely granidar, 
others |X)rj»hyritic with small elongated spots of a soft white 
mineral, dose to the Granite the Clay Slate is changed 
into a dark-coloured laminated rock, having a gramdar 
fracture, which is due to imperfect crystals of Felspar 
coated by minute brilliant scales of Micja.” At the actual 
junction of the Granite and day Slate the latter was at 

* Sedgwick, Transactions GeoL f Geological Observations on 
Soc. of London, iii. 471. South America, p, 166. 
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one spot ** converted into a fine-^ined, perfectly chaxac- 
terised Ghieiss, composed of y^owish. brown grannlar 
Felspar, of abundant black briUiant Mica, and of few and 
thin laminse of Quartz.’** The coloured striping, the 
micaceous laminae, and the elongated spots seem to point 
to an incipient foliation, which reaches its full development 
in the Gneiss immediately adjoining the Granite.! 

What determines the Planes of Poliation. — ^In some 
cases it seems highly probable that foliation, even if it 
does not exactly follow, is closely related to planes of 
original sedimentary deposition. This appears to be the 
case with the great mass of schistose rocks that make up the 
northern higlilands of Scotland. J The same has been 
observed to be the case in Angle8ea,§ in Arran, || in Ire- 
land,^ in Norway,** and elsewhere. Fig. 49, which is 
copied from Professor Ham- 
say’s Memoir, shows a case in 
point. He says, ^‘The beds 
consist of very hard quartzose 
grits intermingled with schis- 
tose bands, and they seemed 
partly foliated and parfly in 
lines without clear foliation. 

In the sandy beds No. 1, 
marked with dots, I saw no 
separation of distinct layers of 
different mineral substances, 
such os would be called folia- 
tion in the sense in which it is ^ ^ 

used by Mr. Darwin, but only 
a sort of imperfect separation 

of material sometimes arranged in wavy lines ; while in the 
schistose beds complete foliation appears, with much twist- 
ing of quartzose and micaceous laminee, each bed, however, 
still retaining its identity. In No. 2 these contorted laminee 
follow the direction of the bed, and in Nos. 3, 4, and 5 they 

♦ Geological Observations on Wales (Memoirs of the OeoL 
Volcanic iBlands, pp. 149, 160. Survey of England and Wales), 

t On the difforont StjAges of pp. 177 — 188. 

Foliation see also Kinahan, Eoyal || Bamsay, Geology of Arran, 
Gool. Soc. of Ireland, June, 1870. pp. 88 and 89. 

X MurchisonandGeikie, Quart If Kinahan, Eoyal Geological 
Joum. of the Geol. Soc. of Lon- Soc. of Ireland, Jan. 10th, 1866, 
don, xvii 171. **0. Forbes, Popular Science 

§ Kamsay, the Geology of North Eeview (1870), p. 236. 
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cross tke beds, somowhat in the direction of the lines in the 
sandy beds, but, eliminating the contortions, at slightly 
different angles ” (pp. 181, 182). In considering this sec- 
tion we must first suppose the foliated laminee straightened 
out, because, as we shall shortly see, their crumpUng was 
probably produced subsequently to the foliation. We must 
also bear in mind that the thicker lines in the figure are 
unquestionably the edges of bedding planes. In the case 
of No, 2 the foliation is parallel to these bedding planes, 
and, therefore, in all likelihood took place over the faces 
of laminm of regular and even deposition. In the other 
cases the foliation crosses the main lines of bedding, but it 
has a general parallelism to the subordinate layers into which 
the beds No. 1 ai'o divided, and these latter have a singular 
resemblance to planes of current lamination. A suspicion, 
therefore, crosses the mind tliat here foliation has taken 
place, as suggested by Mr. Sorby, on planes of current 
bedding. 

The question whether foliation has ever taken place 
along bedding planes, though much may be said in favour 
of an afiirmative answer, may perhaps be an open one ; but 
the observations of Mr. Darwin and others have demon- 
strated beyond doubt that in many cases the planes of 
foliation coincide vidth those of cleavage. Besides those 
instances of incipient foliation already given, in which this 
is the case, Mr. Darwin found in South America immense 
tracts of intensely metamoiq)ho8ed Schists, the folia of 
which had every one of the distinguisliing characters of 
cleavage laminae : their strike was uniform over large areas 
and parallel to the leading physical features of the country, 
and in all cases which he saw, where luasses of cleaved 
and foliated rocks alternate together, the cleavage and 
foliation were parallel. He sums vqy the evidence thus : 

Seeing, then, that foliated Schists indisputably are some- 
times produced by the metamorphosis of homogeneous fissile 
rocks ; seeing that foliation and eleavage are so chjsoly 
analogous in the several above enumerated respects ; seeing 
that some fissile and almost homogeneous rocks show inci- 
pient minoralogieal changes along the jdanes of cleavage, 
and that other rocks with a fissile structure alte^niate with 
and pass into varieties with a foliated structure ; I cannot 
doubt that in most * cases foliation and cleavage are parts 

♦ I would with deference sug- cases where such an aoctjmulation 

gest that for ** in most cases ” it of ©videnco is met vrith.*’ 

would he safer to say, in those 
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of the Bame process : in cleavage there being only an inci- 
pient separation of the constituent minerals, in foliation a 
much more complete separation and crystallisation.” * It 
is perhaps scarcely the case that cleavage necessarily 
involves a separation of the constituent minerals, but it is 
certainly true that if foliation begin in a cleaved rock, the 
separation follows the planes of cleavage. The coincidence 
of tlio planes of cleavage and foliation is, therefore, pro- 
bably accidental, but it is an accident that will be of very 
frequent occurrence. In fact this coincidence is so common 
that it is unnecessary to multiply examples here. 

Artificial Production of Cleavage-Foliation. — Coin- 
cident cleavage and foliation have been produced artificially 
by, Mr. Sor})y and Mr. David Forbes. The first mixed a 
quantity of seal os of Oxide of Iron with Pipe Clay so that 



Fig. do. — Crumi'LED Lamin^v. of Foliation. 

a. Evenly lainiiuvted hornblendic Oneisg. 

1. Limestone with tliin csorrugated bonds of Gneiss 


they were distributed indiscriminately through the mass. 
After submitting the niLxture to pressure, the scales were 
found to have arranged themselves in rudely parallel planes 
por]jeiitli<jular to the presstire, along which the mass, ad- 
mitted of ready division into thin plates. Mr. Forbes 
exposed amorphous Soapstone to a moderate heat not ex- 
ceeding redness for some months, under a pressure of from 
seven to, twelve pounds per square inch, and obtained an 
aggregate of finely developed crystalline folim of a brilliant 
white or greenish colour, identical with Talc ; in fact, a 
Taleose Schist. Under similar circumstances Clay Slates 

* Geol. Observations in South America, pp« 162 and sequent 
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were converted into rocks possessing a beautiful parallel 
structure, closely resembling Gneiss.* 

CSnunpled It am inas. — In highly foliated rocks the lamim© 
are not plane, but w inkled and contorted, sometimes 
gnarled and crumpled to an intense degree. An instance is 
shown in Fig. 50, copied from one of the Eeports on the 
Geology of Canada.’* 

Professor Bamsay has given the following explanation of 
this. Let ahy ed^ e /, yA, * A, in Pig. 5 1, be the edges of planes 

of bedding, and the finer 
^ ^ “T/ * lines crossing these the 

edges of planes of cleav- 
age, and supjiose folia- 
tion to have been pro- 
duced over the latter. 
Then suppose that sub- 
sequently the rock mass 
suffered compression in 
the direction of the ar- 
rows, so that the beds 
cde fy g h i k become 
squ(H‘zed into the thin- 
ner beds c d e'J\ g h i U ; 
tlie planes of cleavage- 
foliation crossing these 
beds, having now to 
pack themselves into 
a narrower space, must becomo crumi)led up into some 
such wavy lines as are shown in the figure. 

Foliation is not confined to the metamoridiic repre- 
sentatives of the derivative rocks ; igneous rocks, both sub- 
aerial and deep-seated, and volcanic aslies and tuffs, whore 
they have been subjected to the necessaiy conditions, exhibit 
this structure. Thus a ribboned or banded Tracliyte w ould 
be eminently suited for its production, or an ash in w'hich 
induration and cleavage has been brought about by pres- 
sure. 

Foliatioxi and Kibboned Structure. — Mr. Sc^rope has 
some veiy suggestive remarks (“ Volcanoes,” pp. 140 and 
300) on the analogy between foliation and the banded and 
ribonned structure, already described, of some 4:rachytic 
lavas. In the case of these rocks the unequal motion of 
different parts of a lava stream, as they dragged one over 
the other, has given rise to a laminated structure in the 
* Bog also Baubree, Etudes sur le Metaxnorpliisme, part iii. chap. 10* 
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cooled rock and a platy arrangement of flattened crystals 
through the mass, and he thinks that just the same result 
may mve been produced in a body of iused Granite forced 
up under great pressure, and so a foliated Gneiss may have 
resulted. If the opinion of some continental geologist that 
some Gneisses are eruptive be well founded, this explana- 
tion would account for their foliation ; but this cannot have 
been the origin of this structure in those rocks which have 
been produced by the metamorj)hism of sedimentary de- 
posits. As has been already remarked, however, the pre- 
sence of lamination would be eminently favourable to the 
production of foliation. 

Summary. — ^In the present state of our knowledge it 
will perhaps not be safe to say more than this on the 
obscure subject of foliation. That rocks have been siib- 
jected to some form of metamorphic action, which has set 
free their constituent minerals to move among themselves ; 
which has dissolved or melted these minerals, or in some 
way given them the power of assuming tabular crystalline 
fonns ; which perhaps has decomposed them and allowed 
of the formation of now compoxmds out of their elements. 
That the minerals resulting from this action have separated 
themselves out from the body of the rock, and arranged 
themselves more or less in distinct parallel layers. That 
the process of alteration has not been carried far enough 
to efface those great planes of division, be they bedding or 
cleavage or any others, by which the rock was traversed 
when folihtion began. That the segregation or separation 
took place ahng those planes which offered the least resistajice 
to the motion of the constitue^it particleSy or to the passage of 
those agents which assisted in or produced the foliation ; 
so that if foliation took place in a bedded rock, before 
cleavage had been produced, the laminm would have a 
tendency to be parallel to the bedding ; but if cleavage had 
sealed up the bedding and opened out another set of divi- 
sional planes, it would be parallel to those that the foliage 
would range; in the same way, if the rock contained 
nodules or concjretions, the foliation would be turned out 
of its way by these and bend round them.^ 

Description of Foliated Bocks. — After this short 
sketch of foliation, wo will pass on to an account of tlie 
principal vaiieties of foliated rocks. 

* See Prof. Bamsay, G^eology vi. 185 ; Royal Geol. Soc. of Ire- 
ofNortli Wales, Kinaban, land, Feb. 8th, 1871, Jan. lOtb, 
Dublin, Quart. Jouxn. of Science, 1866. 
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An almost endless variety of rocks may be classed 
together as Schists from their possessing the following 
common character : they consist essentially of Quartz, in 
wdiich a foliated structure is produced by the presence of 
parallel layers of some other mineral. Of the type of these 
we may take Mica Schist, in which the foliation is pro- 
duced by Mica. Another body of foliated rocks group 
themselves round Oneiss, which is a schistose mixture of 
(iuai*tz, Mica, and Felspar, as a tj^)ical centre. 

The different members of the two groups are connected 
with one another by numerous intermediate links, and by 
tlio gradual introduction of Felspar into its composition 
the t}’^>ical form of the first group passes insensibly into 
tliat of the second. Transitions are also observt^d from the 
first group into less liighly mctamor})hosed rooks, such as 
Quartzite and Clay Slate ; and from the second into rocks 
which we shall shortly see have undergone a liigher degree 
of metamor])hisin, such as Cranite. 

3lu'a Schist. — Quartz and Mica arranged more or loss in 
alternate layers ; the proportion of the two minerals varies 
almost indefinitely in different instances. The Mica is 
usually Potash Mica, sometimes Magnesian Mica, some- 
times a mixture of both ; it forms jiarallel scales or plates ; 
the Quartz occurs in the form of gi’ains, or, wken it is 
abundant, in large lenticular masses. 

Argillaceovs 3lica Schist {Fhglliie^ ThorfgJimmer Schiefer) is 
a rock intermediate between normal Mica Schist and Clay 
Slate, into both of which it passes ])y insensible gindations, 
according as the micaceous element Ijocomcs prone )imc(‘d or 
gradually disai)peai*8. It might be termed either an im- 
perfect Mica Schist or a foliated Clay Slate. 

Chiastolite Schist. — Argillac;eous Mica Schist with crystals 
of Cliiastolhe dis>sominated through it. It is generally 
found where Clay Slate abuts on igneous rocks, and has 
been produced by the metamorjhising action of the latter on 
thc‘ former. There is a most instructive paper by Prof(,*ssc)r 
Fuchs desciibing the gradual growth by motamorphism 
of this rock in tluj Pyrenees, in Leonhard^s “ Jahrbuch/^ 
1872, p. 878, an abstract of which is given in Chap. VIIT. 

The ])re8onc(.' of an allied mineral, Staurolite, gives rise 
to Staiirolite Schist ; the reader will do well to consult and 
compare v ith the paper just quoted one on the formation 
of this rock in the Geological Magazine^ vol. x. p. 102. 

Talc Schist and Chlorite Schist. — If the Mica in Mien 
Schist were mixed with or replaced by Talc or Chlorite we 
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Blioiild have these rocks. Under their typical form they 
uro usually poor in Silica; sometimes they contain 
FidBj)ar, and thereby pass into Protogine or Talcose Gneiss. 

Some Talcose Schists have been observed to pass 
Ifiterally into volcanic ash, and are therefore probably tlie 
result of the metamorpldsm of such rocks.* 

Vaharmu^ Mica Schist. — Alt(3rnate layers of Mica Schist 
and Oarbonate of Lime. It differs from the micaceous 
erj^stalline Ijimestonos already mentioned in the preseueo 
of Quartz. 

Quartz Schist . — ^Whon the quartzose element in Mic'a 
Schist becomes very large, we obtain this rock, which 
consists of compact, imperfectly foliated white Quartz, 
foliated by thin parallel layers of Mica scales. If the Mica 
disapi>ear, it passes into Quartzite. 

Fekpatkic Mica Schist . — Some Mica Schists contain Fel- 
si>ar, an<i form a transition between the normal type of that 
ro(k and Gneiss. 

The presence of accidental minerals gives rise to numerous 
varieties of the Schists just mentioned, which we cannot 
describe here. 

That Mica Schist is in certain cases a metamorphic rock 
is clearly proved by its intercalation with rocks so little 
altered that their derivative character can still be recog- 
nised. Thus in the Alps beds of sandy calcareous compo- 
sition containing fossils are interstratified with Mica Schist. 
Some Mica Schists can scarcely be distinguished from 
fissile micjaceous Sandstones, and a very moderate degree 
of luotamorjkism w'oidd be required to convert the one 
into the othc^r, the foliation coinciding with the oiiginal 
lamination. In other cases Mica Schist has been pro- 
duced by the metamori>hism of Sandstones not necessarily 
laminated, or sandy Shales, the foliation being a super- 
indu(?ed structure, and the variety depending on the pro- 
l>ortion8 of siliceous and argillaceous elements in the original 
rock. 

In some varieties of Schists the foliation is produced by 
metallic ores, such as micaceous Sosquioxido of Iron, Zinc- 
blonde, Iron or Copper Pyrites, Oob^t Ore, &c. 

Gneiss . — A schistose aggregate of Felspar, Quartz, and 
Mica. The Felspar is in crystalline grains, the Qiiaiiz in 
^n^ains or small lenticular discs, and through the mixture 
formed of these two minerals there run parallel layers or 
leaves of Mica, giving the rock a foliated structure. 

♦ Ramsay, Geologj' of North Walts, p. 45. 
u 
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The Felspar is xisually Orthoclase, but Oligoclase often 
occurs as well ,* the Mica is mostly a Potash Mica, some- 
times a Magnesian Mica. 

Two other minerals. Hornblende and Talc, occur fre- 
quently a& accessories, and sometimes in such abundance 
as to give rise to the two following varieties of the rock ; — 

SamUendic GnetsSy in which the Mica is in part or wholly 
replaced by Hornblende. When Hornblende is so abund- 
ant as to form the greater part of the rock, it is spoken 
of as Mornblmds Bchut : this form sometimes loses its 
schistose character, when it is known as HorMmde Moeh 

Frotoginey or Taloose Gneu»y consists of Orthoclase, Oligo- 
elase, Quartz, Mica, and a Taleose mineral ; it is sometimes 
sx)oken of as a variety of Granite, but the descriptions given 
of it seem to show that it has always more or less of a 
schistose structure, and that it is a truly metamorphic 
rock. 

Graphitic Gneiss is a variety in which the Mica is wholly 
or in part replaced by Graphite. As the latter mineral 
is probably of vegetable origin, this rock has most likely 
arisen from the metamorphism of sedimentaiy deposits 
containing carbonaceous matter.'*^ 

Granulite is a variety of Gneiss containing little Mica, 
with small garnets disseminated through it. The descuip- 
tions of this rock given by different petrologists are some- 
w hat conflicting. 

We have mentioned that some Mica Schists contain Fel- 
spar, and so show a gradual transition from the normal 
form of that rock into Gneiss. The latter is also found 
interbedded with various schistose rocks. This intimate 
connection between Gneiss and the Schists leads us to look 
upon the former as having arisen from the more intense 
metamorphism of some of the highly siliceous members of 
the same class of rocks as gave rise to the latter. This 
conclusion is confirmed by the position which Gneiss so 
frequently occupies among metamorphic rocks. In the 
two examples of metamormic districts given at the begin- 
ning of this chapter, and in numerous other cjases, we 
have a central mass of some highly ciystalline amorphous 
rock, such as Granite, surrounmng tlus a belt of Gneiss, 
and outside that a belt of Schist, which gradually shades 
off into less and less altered beds. The Granite we have 
seen is either the cause or the extreme form of the meta- 

• See Geological Magazine, iv. nous Gneiss and Mica Schist in 
IGO, tor an account of bitutni- Sweden. 
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morphism, and the Ofrder in whidi the surroimding belts of 
rock occur may weU represent the degree of alteration 
they have undergone, the amount of change decreasing as 
we recede from the centre when it attained its maximum. 
Sometimes the passage from foliated Gfneiss, through a 
sort of foliated Granite or Granitic Gneiss, into amorphous 
Granite, is so gradual that it is impossible to say where 
one ends and the other begins. 

Barly Theories about Grystalliae Schists. — In the 
early days of geological speculation, the crystalline Schists 
were not supposed to owe their peciiliarities of structure to 
metamorphism, but were imagined to have been formed all 
of them at the same time, and jiretty much as we see them 
now, during a veiy early period of the world’s history, 
when conditions obtained very different from any that now 
exist. The constituents of these rocks were supposed to 
have been held in solution in an ocean of boiling water, 
and to have been precipitated as it cooled. A lurking 
fondness for this hypothesis seems still to linger in the 
minds of some eminent geologists. While they are 
driven by the overwhelming nature of the evidence to 
admit that there are many cases of schistose rocks which 
are metamorphosed sedimentary deposits, and that the 
process which gave rise to them has operated at many 
different times, they still think it possible, or even likely, 
that in some of those cases, where there is a very large 
thickness and extent of crystalline Schists, where no 
proofs of mechanical origin can be detected in them, and 
where indications of the existence of life at the time of 
their formation, either in the shape of fossils or Limestones, 
are wanting, we may have rocks which owe their crystal- 
line structure, wholly or in part, to chemical precipitation 
from an ocean, the like of which can have existed only 
during the passage of the earth from some pre-existing 
state to its present condition. 

W'e shall see presently that in all likelihood the 
earth has passed through some such stage as this hypo- 
thesis requires, and it may be that during such a penod 
rocks an^ogous to the ciystaUine Scliists were produced ; 
though, as we have no experience to guide us, we can do 
no more than form vague conjectures as to what would 
happen under such conditions; but, assuming that such 
was the case, there seems no necessity for the opinion that 
any of the rocks of this class now in existence date from 
so remote a period. 
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Whcm we have two masses of Gneiss differing from one 
another in no essential respect whatever, and when we 
know that one has been produced by nietamorj)hi6m, it 
certainly seems more reasonable to believe that the other 
was produced in the same way, till some good ground can 
be shown to the conti'ary, than to go out of one’s way to 
invent some otlier purely imaginary method by which it 
might have been formed. Reasoning from analogy is not 
iKKJOssarily conclusive, but it is safer than reasoning based 
on dreamy conjecture. 

The most telling point against such hypotheses, however, 
is the fact that the oldest rocks w'e know% the Laurontiun 
formation of Canada, are crystalline Schists, which are 
conclusively proved to be metamorphic by the tractis they 
still present of mechanical origin and by the presence in 
them of what are almost certainly fossils. There may bo 
rocks older than these, hut the burden of proof rests with 
those who assert this to be the case, and proofs have not 
yet been forthcoming. 

3rd Class. — AMOiiriroiTs CuYSTALLmE Rocics. 

We have already exjdained the differences of opinion 
as to the origin of many of the rocks included in this 
class, and have pointed out that it is only lttt(4y that 
some geologists have begun to realise that its members 
may be only intensely altered portions of the strata among 
which they occur. Among the ro(*ks w hich come under 
this head, some Granites ()ccuj>y a prominent ]>hico ; and 
the reasons for holding the above opinion will bc> nujre 
thoroughly brought out when w© come to treat of that rock 
and its aUies. We will here give a few instances w'here 
there seem good grounds for believing that large massi's 
of amorphous crystalline rock owe their present form to 
intense metaniorx)hi8m. 

In the district of Garrick, in Ayrsliire, there occurs in 
the midst of a country, composed mainly of hard Felspailiic! 
Sandstones w’ith o(.*casional beds of I.<imestone, a tract of 
I’oeks so exactly like intrusive igneous rocks in look and 
composition and general character, that the}" were for long 
referred w ithout hesitation to that class. A careful exami- 
nation, however, has shown that they have been produc^ed 
by the metamorjihism of the surrounding strata. Mr. 
J ames Geikie has traced a gradual passage from unaltered 
Sandstones, through forms in whiem an amygdaloidal tex- 
ture begins to bo developed, up to porphyritic and closely 
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grained Felstones, wRich, judged by look and mineral 
character alone, could not be distinguished from intrusive 
members of the Felspathic class of Crystalline rocks ; and 
he has even detected here and there, in the very heart of 
these apparently intrusive tracts, areas of unaltered rock 
gradually shading off into the Crystalline rocks which 
surround them, Im other eases the same process, acting 
probably on beds richer in Magnesia, has given rise to 
l)ioritic rocks which approach quite as closely intrusive 
rocks of basic composition.’*^ 

We meet with rocks which most likely come under the 
present class in Chamwood Forest in Leicestershire. This 
tract consists of Clay Slate with associated masses of Sye- 
nites, Felstones, and Greenstones. Hand specimens of the 
thre<^ last cannot be distinguished from samples of intrusive 
rocks of the same composition ; but it is quite certain 
that in the present case these Crystalline rocks have not 
burst through the beds which surround them, but have 
been produced by intense alteration of the latter, because 
they pass by such insensible gradations into the unaltered 
strata in their neighbourhood, that it is often impossible to 
trace a boundary between the unchanged and the intensely 
Cr^'staUine rocks, and in some parts it is possible to observe 

every degree of gradation, from a common unaltered 
slaty cliaracter to rocks that seem to be, in hand specimens, 
igneous, but, on a large scale on the ground, show traces 
of stratiti<3ation and other signs proving them to be of 
stdiinentaiy origin, but so much altered that they have 
been i^artly, and in some cases entirely, fused, and thm 
pa^s into %o called igneom rochs of the doep-seatod kinds. In 
Chamwood Forest it would be easy to collect a suite of 
specimens showing a perfect passage from stratified into 
igneous rocks.” f On the same head another observer 
• remarks : The general character of the rock is such as to 
convey irresistibly the impression that it is nothing else 
but the Clay Slate itself, heated to the melting point, and 
then crystaiUsod by cooling. It would seem that a series 
of beds of Clay, more or less pure, were first consolidated 
into slates, and then subjected, in to intense heat 
under pressure.”} 

♦ Quart. .Toiim, GeoL Soc. of the Museum of Practical Geology, 
London, xxii. 513. 3rd od. p. 19. 

t Ramsay, Descriptive Cnta'^ J Outlines of the Geology of 
logue of the Rock Specimens in Loiceatershiie, Rev. W. H. Cole- 
man, p. 8. 
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A very striking instance of a sedimentary rock which 
has been so far altered as to be indistinguishable from one 
of intrusive origin is furnished by the deposit called Por- 
ph>Titic Claystone Conglomerate by Mr. Darwin, which 
ocx?ur8 in Patagonia and covers large areas in Chili, Of 
tliis he says: ‘‘The formation, which I call Porphyritic 
Conglomerate, is the most important and most developed 
in Chili. From a great number of sections I find it to be 
a true coarse Con^omorate or Breccia, which passes by 
every step, in slow gradations, into a fine Claystone Por- 
phyry ; the pebbles and cement becoming porphyritic, till 
at last all is blended in one compact rock. The Porphyries 
are exceedingly abundant in this chain, and I feel sure 
that at least four-fifths of them have been thus produced 
from sedimentary beds in situ. There are also Porphyries, 
which have been injected from below among the strata, 
and others ejected, which have flowed in streams ; and I 
could show specimens of this rock, produced by these three 
methods, whic^ cannot be distinguished.”* 

A very instructive rock in connection with the present 
subject is MaUefiinia or FeUittc Schist . It is in character 
intermediate between Felstone and Gneiss, is foliated or 
unevenly laminated, and sometimes contains an admixture 
of Chlorite and occasionally some Mica. It occurs in 
Sweden interbedded with Gneiss and Granulite, into which 
it passes insensibly. It is therefore metamorphic, and in 
aU probability is the result of the alteration of beds more 
early metamorphosed than the surrounding strata ; so that 
while they have been altered only so far as to become 
Gneiss, it has had a narrow escape of being fused alto- 
gether and converted into something indistinguishable 
&om an eruptive Felstone. 

A case has been already mentioned in North Wales 
(p. 271) of a Ciystalline rock indistinguishable in many 
resj)ects from an igneous intrusion, which on the ground 
presents eveiy appearance of having been formed by 
metamorphism out of mechanical deposits. Similar ex- 
amples occur in the Vosges, f and indeed it would not be 
diificidt to assemble a cloud of witnesses far larger than 
we can find room for here. 

* Letter from Mr. Barwio to detaOi, see Goologioal Observa- 
Professor Heoslow, Bee., 1836. tions on South Ameriesa, pp. 148, 
Printed for private distribution 149, 169. 
among the members of the Cam- t Baubree, Annales des Mines, 
bridge Philosophical Society. For voL xxvi. 
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Savpantiiid is a rock which may be conremently described 
here, because there are varieties of it belon^g to all three 
of the classes into which we have divided me m€|tamori)hic 
rocks. It consists essentially of Silicate of Magnesia with 
from 12 to 21 per cent, of water. Oxide of Iron very 
frequently enters into its composition, and the presence 
of other impurities gives rise to numerous varieties. It 
soft but tough, with a soapy unctuous feel, often of a dull 
green colour, but sometimes beautifully mottled red, green, 
and purple, with veins of white Soapstone or Asbestos. 

Serpentine occurs under various forms. It is sometimes 
distinctly bedded and intercalated among strata of crystal- 
line Schists. Thus in the Laurentian gneissic rocks of 
Canada it is met with in bedded masses of great purity ; 
it occurs also associated with Limestone or Dmomite, some- 
times in grains arranged in bands parallel to the stratifica- 
tion, and sometimes in veins traversing the rock.* In the 
same country a great thickness of bedded Serpentine also 
occiirs in the Quebec Group of rocks ;t and Serpentine has 
also been found interbedded in thin layers with stratified 
Diorites at St. Stephen’s.^ 

In the metamorphic district of Ayrshire, mentioned a few 
pages back, Serpentines are found along with and passing 
into metamorphic Diorites, and sometimes closely connected 
with unaltered Limestones. 

The very frequent association of Serpentine with Dolo- 
mitic Limestones makes it probable that it has in many 
cases been produced by the alteration of that class of rocks, 
and that the process whicli turned Limestone into Dolomite 
would, if carried a stage further, give rise to a calcareous 
S erpe ntine or Ophicalcite, and then to Serpentine proper. 

Where Serpentine and metamorphic Diorites occur toge- 
ther, they may have both arisen from the alteration of 
rocks rich in Magnesia. 

Serpentine is also found with a laminated structure, and 
when the surfaces of the laminee are covered by plates of 
Mica or Chlorite it becomes a foliated rock. Such a rock 
passes into Taloose Schist, and is perhaps only a meta- 
morphosed form of the latter. 

Serpentine also occurs in amorphous masses often of 
large ske, and in veins traversing other rocks. In some 
of mese bosses indistinct wavy lines, parallel to the bedding 

♦ See Eeport of Progress of the f Ibid., p. 266. 

Geol. Survey of Canada (1363), j Ibid, (1^70, 1871), p. 32. 
pp. 471, 691. 
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or foliation of the surrounding rocks, may still he traced, 
conveying the impression &at they are metamorphio 
masses in other cases no structure can be perceived, but 
even here analogy leads us to infer a metamorphic origin 
for the rock. 

Veins of Serpentine may have been produced by that 
extreme form of metamor][>hism wliich had caused its pro- 
ducts to behave oruptively ; it is more likely, how^. ver, 
that they are altered veins of some intrusive Basic rock. 

The process by which the roc;ks mentioned, and probably 
many others, have been convertfid into Serpentine, is 
believed by many geologists to have been a sj)ecie.s of 
j>seudomorphism ; the original minerals of the rock being 
gradually replaced by Hydrated SiHcato of Magnesia, f 

SECTION III.— CAUSES OF MEtAMORPHISM. 

The principal phenomena and products of metamorphism 
having been now described, it remains to inquire whetlu^r 
we can ofler any reasonable explanation of the means by 
which it has been brought about. 

Local Metaxnorphism by Zktrtisiire Xgneous Bocks. 
— It will no doubt have already 0 (‘eiirred to the readci\ in 
connection w*ith this })art of the subject, that we often find, 
along the margin of intrusive masses of igneous rock, that 
the beds tlmough w'hich they have forced their way are 
altered into substances identical with some members of the 
nietumorjdiic class. Sandstones are baked into (iiiartzitos. 
Limestones put on a ciystaliine texture, and JShales are 
(‘onverted into Lydian Stom^ or Porcellanite. The alteration 
does not extend usually to any gi-eat distum^e, and this sort 
of metamorpiiism is tlierehire 8jK)ken of as local (mota- 
niorphisme aecidontel, de juxtaposition, de la roche encais- 
saaite) to distinguish it from the w'idespread metani()rj)hism 
(metamorjjhisme normal, general, regional) wlxich has 
extended its influence over large areas. 

Keat one Agent. — It is clear that in such cas(fs the 
heat of the molten iutnisive rock has had an important 
share in effecting the change. We are also led to look upon 
Iieat as one of the agencies that aided in producing meta- 
iiKjrphism, on account of the striking analogies that Meta- 
nioiq^hic rocks offer to rocks which w^e know were pr(jdaced 
by igneous fusion, in the character of their crystallines 

* Ramsay Geol. of N. Woloa, f Bischoff, Chemical Geology, 
p. 17^. ii. chap. xl. 
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minerals, specially in the presence in them of anhydrous 
Silicates, Considerations of tliis nature lead us to look 
upon heat as essential to the production of metamorj)hisiii, 
in the sense in which we have used the word. And all the 
successful attempts to imitate experimentally metamorphic 
processes have required the intervention of heat. 

Heat alone not enoughs — But there are a host of 
reasons why heat alone would not be sufficient. It is not 
always the case that injections of igneous rocks produce 
local metamorpliism, as would be the case if nothing but 
heat were wanted for the task. Again, the low conducting 
power of rocks makes it difficult to understand how boat 
could have found its way thi'ough the vast areas and 
enormous thicknesses of rock that sliow throughout a 
uniform degree of intense metamorphism. Then, we often 
find (Ty stall] ne minerals, w liich must have been generated 
subsequently to the formation of the ro(;k in which they 
oc(mr, in rocks the main body of wffiich is very little altered 
at all. If these were produ(,*ed by heat, how’ is it that the 
heat has had so little eti’oet on the rock surrounding them ? 
On grounds like these we conclude that though meta- 
morphism cannot be produced without heat, something else 
is wanted. 

Heated Vapours. — A study of volcanic phenomena 
suggests as possible aids heated vapours, such as Sulphurous, 
Carbonic, Ilydrocliloiic, and Hydrofluoric acids. Tluiso we 
knorr are given ofl: from lavas, and give rise by chemical 
reaction to sundry crystalline products. 

Water. — Agents like these have doubtless assisted in 
the work of metamorphism ; hut there is one substance so 
universally present in all rocks, and so thoroughly capable 
of ('fleeting, w'lien in a heated state, so many of the changes 
w hich observation show's to have taken place, that w e must 
look ux^on it as the gnind heljunate of heat in bringing 
about metamoi’phic changes. That substance is w'atoj*. 
We have so few ox)portunities of hocomiug a(Kxuainted with 
the portion of the earth below the surface*, that it does not 
readily occur to us how widely water must be diffused 
tliroughout the ground beneath our feet, and to what great 
depths it penetrates. But a little reflection wdll soon bring 
home to our minds the conviction that water must exist in 
as large quantity below as above the surface. In all under- 
grouml explorations, as the miner knows to his cost, it is 
mt't with ; and wherever a path is open, it tends steadily 
doTOw^ards. Friction and the nari*ow"ing of suitable ehaimels 
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cause a decrease in the amount in many cases as we descend, 
and sometimes the fortunate presence of a natural means 
of escape gives rise to what is practically a dry mine, but 
in all attemi>t8 to penetrate below the surface water is the 
one enemy which we always have to cope with to a greater 
or less degree. That it descends to depths greater than 
any we have been able to reach, is rendered highly pro- 
bable by the existence of thermal springs, which in many 
cases can obtain their heat only by rising from a very con- 
siderable depth* The enormous quantity of water given 
off during vdlcunio eruptions also shows that it exists in 
large quantities at depths below the surface. Even when 
friction and other impediments counteract the effect of 
gravity in diffusing water, capillary attraction comes in to 
entice it through the minute pores and interstices of the 
rocks, and causes them to be saturated with it. Water 
again exists in a state of chemical combination in many 
minerals, and is set free when they are decomposed, as in 
aH probability has happened during the process of meta- 
morphism. 

So much for the diffusion of water. We must next take 
into account the increase of temperature as we descend into 
the earth. This subject belongs to a subsequent chapter; 
it will be enough to state here that as we go below the 
surface the temperature rises, and that the average rate of 
increase may be taken at 1° Fahrenheit for every 60 feet : 
at this rate we should, at about a depth of two miles, 
arrive at the temperature at which water boils at the level 
of the sea. The pressure at such a depth would probably 
prevent water from passing into a state of vapour, but in 
this intensely heated condition, or as superheated steam, 
it would become a far more powerful agent than at ordinary 
temperatures, for acting as a solvent, for promoting che- 
niic^ decomposition, and for softening and diminishing 
the coherency of the constituent minerals of rocks. 

We shall have to notice subsequently that the crumpling 
and crushing which the rocks have tindergono is another 
possible source of heat, which may well Mve aided the 
work of metamorphism at less depths than that mentioned. 

Water, too, would not pass down pure ; in its passage it 
would take up the various minerals soluble in it with 
which it came m contact, and would do this to a larger and 
larger degree as it became more and more highly heated."*^ 

* In connection mth this see 8tmy Hunt, Quart Joum. GeoL 
Soc., XV. 488. 
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Seeing, then, that water is everywhere present, that it is 
so well able to promote and effect alteration in rocks beneath 
the surface, €uid that we know of no other substance that 
can compare with it in these respects, we are justified in 
concluding that it must play a leading part in any chants 
that are being wrought among the rocks of the earm’s 
crust, 

Presswa and Bepth. — Sundry considerations lead to 
the conclusion that metamorphism must have gone on at 
considerable depths below the surface, 

A thick coating of overlying rock would be necessary to 
check the escape of heat, and to prevent the water and 
other metamori)hosiag agents, or some of the constituents 
of the rock, being driven off in a state of vapour; for 
instance, in the conversion of Limestone into crystalline 
Marble, we must have pressure to prevent the escape of 
the Carbonic Acid. It is quite clear, too, that the Crystalline 
rocks could not have been produced by heat alone at 
atmospheric pressure, because, if they are fused and allowed 
to solidify, they harden either into a glass or a stony mass 
totally different from the original rock; and if they 
originated from the joint action of heat and waiter, we shall 
stiU require the assistance of depth to raise the latter to 
the requisite temperature and pressure to prevent it escap- 
ing as steam. Further, we have the fact that Metamorphio 
rocks usually show intense folding and contortion, and it 
will be explained by-and-by that, as far as we know, this 
could have been produced only under the pressure due to a 
thick mass of rock atop. Lastly, the successful attempts 
to imitate artificially metamorphic processes have all called 
in the assistance of pressure.* 

We must not suppose, however, that metamorphism will 
necessarily be produced if a rock is sunk deep enough into 
the earth. There are cases where we can show that rocks 
have been piled one on the top of the other to a thickness of 
ten or twelve thousand feet, and yet the bottom beds show 
no signs of what is usually called metamorphism ; on the 
other hand, we can point to rocks which have not had at 
the outside half the above thickness of cover on when they 
were metamorphosed, and are yet converted into crystalline 

♦ Prof. Geikie has tried to considerable, it was probably not 
determine the depth at which the so great as has been sometimes 
metamorphism of the Scotch supposed. (Transactions Edin- 
Highlands was produced; and bu^h GeoL Soc., ii. 287.) 
has shown, that, though it was 
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Schists. When we reject how complex the process of meta- 
morphism probably is, and how many causes— heat, water, 
pressure, and may be others we do not know of — are 
necessary for itvS production, the seeming inconsistencies of 
these cases vanish. We shall also see, by-and-Jby, that tlie 
lieat required was possibly not derived directly from the 
heated interior, but was a result of crumpling and crushing ; 
the moclianical work necessary to produce the complicated 
puckering of the Motanxorphic rocks must have been enor- 
mous, and, if this were transformed into heat, it would 
probably furnish an amount amply sufficient for the work 
of alteration. If this be so, tlie amount of metamorphism 
ought to increase with the contortion, and not necessarily 
with the depth to which the rocks have been sunk. 

We wiU now glance at some of the attempts to imitate 
experimentally the process of metamori>hi8m. 

Experiments of Daubree. — Among the most instructive 
are those of Daubree. He enclosed the substances to bo 
operated on along with some water in a glass tube, which 
was introduced into a strong iron cylinder to prevent its 
being burst bj" the expansive force of the steam, subjected 
the whole to various temperatures, and afterwards allowed 
it to cool slowly. Among the results obtained were the 
following. At a dull red heat the action of water alone on 
the glass of the tube gave rise to numerous well-formed 
crystals of Quartz and to a Zeolitic Silicate. Obsidian xras 
converted into a substance resembling Trachji^e, which, 
when powdered and examined under the microBCOi)e, haxl 
all the characrter of Sanidine or glassy Orthoclaso. 

In another experiment the mineral waters of Plombicres, 
which are rich in Silicates of Potash and Soda, were sub- 
stituted for pure water. The walls of the tube were found 
to be coated with Silica in the form of Quartz (jiystals and 
Chalcedony, whic^h aj>poared to have been derived from the 
decomposition of the Alcaline Silicates of the water. When 
a moss of pure Kaolin was treated with these waters, it 
was converted into a solid substance, confusedly cr^’^staUised 
in small prisms, which proved to be a double Siliciate of 
Alumina and an Alkali with all the characters of Pelspar ; 
mixed with this was a little erj'^stallised Quartz. He also 
8uc(;eeded in producing a variety of Augite known as 
Diopside, and a minerm which there was every reason to 
believe was Mica. A point of great importance brought 
out by these experiments was the small quantity of water 
necessary for the transformations ; in some cases this did 
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not amount to a third part by weight of the substance 
transformed.^ 

Besearohes of Sterry Htint. — ^Among other experi- 
mentere, Dr. Hterry Hunt has pointed out how water hold- 
ing in solution Alkaline Carbonates and Silicates can, by 
its action on the heated strata of the Sands, Clays, and 
earthy Carbonates of sedimentary dejiosits, give rise to 
the various siliceous minerals which make up the Crystal- 
line rocks; and he believes that a temperature of 212° 
Fahrenlieit would suffi.ce for the production of Silicates of 
Ijime, Magnesia, and Iron, and that at 480'' the Felspathic 
and Micaceous Silicates generally could be formed.f 

Observations of Mr. Sorby. — The researches of Mr. 
Sorliy have tlirowu great light on the process of metamor- 
pliism, and he has shown by a most ingenious line of 
ri^asoiiiiig that water as well as heat must have taken part 
in the formation of many Crystalline rocks. It had been 
long known that ciystals often enclose hollow si)aces, of 
all sizes from 1-10,000 of an inch in diameter up to some 
few large enough to be seen with the naked eye, and that 
these cavities contain liquid; sometimes the cavities are 
entirely filled, sometimes there is a bubble in them which 
moves about like that in a spirit-level ; and Mr. Sorby 
sliowed that in many cases the fluid is water. Now it is 
found by experiment that when crystals are formed from 
solution they contain cavities fi.Ued ^ith the fluid from 
u'liich the crystals were thrown down ; that at the time of 
thf h formation these cavities are j'uU of liquid; that as 
long as the crystal is kept at the same temperature as that 
at which it was hmnedthe cavities remain full ; but that if 
the cr^'stal cool down to a lower temperature, the conse- 
quent contraction of the enclosed fluid causes a vaouity or 
huhhh to he formed in the cavities. In crystals formed by 

* For details of those experi- sur le Metamorphisme dos Roches, 

meiits see Annales dea Mines, 6th and Ann. des Mines, 6th series, 

series, xii. 289 ; Etudes et Ex- xii. and xiii. Vernon Harcourt, 

perieiices 8y«thetiquos sur le Report of British Assoc. (1860), 

Metamorphisme; MemoireStAca- p. 175, Mitocherlich sur la Pro- 

d6mie des Sciences, xvii. (1860); auction artificielle dos Min6raux 

Bulletin 8oc. Geol. de IVance, crystallises, Ann. de Chimie, 

2ttd series, xv. 97, xvi, 688. See xxiv. 258 (1824), 

also l)urocber, Etudes sur le M6- t Quart. Joum. Geol. Soc. of 
tamorphisme, Bullet. Soc. Geol. London, xv. 488 ; Report on 

de France, 2nd series, iii. 547 ; Geological Survey of Canada 

Metamorphisme dans les Py- (1866), p. 479 ; Silliman’s Jour- 

reneos, Ann. des Mines, 3rd nal, 2nd series, xxx. 136, xxxvi. 

series, vi. 78, Delesse, Etudes 214, and July, I ' 
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simple igneous fusion, such as those which occur in furnace 
slags, there are cavities, hit they wre fuU of glme or etone, 
and, when they contain bubbles, the bubbles do not move. 

Now we can by experiment imitate only very imperfectly 
the conditions under which the minerals of the Oiystalline 
rocks were probably formed ; but from the above facts we 
may infer that, if a fused mass containing water crystallise 
tmder pressure sufficient to prevent the escape of the water 
in the shape of vapour, some crystals might be deposited 
from solution in the highly heated water and catch up 
small portions of the fused stone, and so contain glass or 
stone cavities ; other crystals might be formed by crystal- 
lisation of the melted stone and catch up portions of the 
water, and so contain fluid cavities. 

Among the numerous instances which Mr. Sorby gives 
of natural crystals containing water cavities, we may men- 
tion, as most nearly connect^ with the subject now before 
us, the Quartz and Garnet of Mica Schist and Gneiss. He 
shows how Felspathic Clays might be converted into crys- 
talline Quartz and Mica, so as to constitute Mica Schist, 
by the removal of part of the alkaline bases, and argues, 
irom the presence of water cavities, that the alteration was 
not the effect of dry heat and partial fusion, but was due 
to highly heated water disseminated through the rock. 
The fact that the process took place at a high temperature 
is inferred from the presence of bubbles in the cavities ; 
and by determining the degree to which the crystals must 
be heated in order to make the liquid expand so as to fill 
the cavity, he has endeavoured to fix what that tempera- 
ture actually was. This last step of the problem cannot 
be solved unless we know also the pressure under which 
the operation took place ; but, by making reasonable 
assumptions on this head, most instructive results are 
arrived at.^ 

Paeudomorphictn. — One other action of percolating 
water has played doubtless an important part in producing 
metamorpnic changes, namely, what is known as pseudo- 
morphic change. By this one or more of the chemical con- 
stituents of a mineral is wholly or in part abstracted, and 
its place taken by a totally different substance, frequently 

* Qaarfc. Joum. Geol. 800 . of reader to consult these beautiful 
London, xiv. 468 ; Reports of memoirs themselves. He should 
British Association, 1866, p. 78, also refer to Mr. T. A. Phillip^a 
1867, p. 92, I hope the short remarks on the subject. Quart, 
sketch above given will lead the Journ. GeoL Soo., xxxi. 332. 
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without any modification of the original ciystalline form. 
We have already mentioned Serpentine as a rock which 
probably owes its present composition to this process, and 
xt has doubtless acted largely in many other cases. For 
details on the subject, the reader may refer to Bischofs 
** Chemical Geology.” 

Variations in amount of Metamorphism, — In con- 
sidering the action of the various metamori)hosing agents 
we must recollect that they would act imequally on dif- 
ferent rocks. Some rocks woxdd conduct heat more readily 
and be more pervious to water and vapours than others ; 
tlie final result woxild also depend on the original compo- 
sition of the rock operated on ; and thus we can easily 
Tinderstand how it is that in a mass of metamorphic rocto 
we find some beds much more altered than others imme- 
diately in contact with them. Thus Professor Geikie tells 
us that, among the altered rocks of the southern uplands 
of Scotland, there appears to be always a close connection 
between the nature and extent of the metamorphism and 
the chemical coiistitution of the rocks in which it is mani- 
fested. It is always most developed in those strata into 
whose composition Fels^xar enters as a main ingredient, 
wliile on the other hand in tlie more quartzose rocks little 
or comparatively little change has taken place. (Memoirs 
of the Geological Survey of Scotland, Explanation of 
slieet 15, par. 35.) New elements besides might well be 
introduced by water into the rocks through which it finds 
its way, and we must therefore not be surprised if the 
chemical composition of a metamorphic rock differs from 
tliat of the mechanical deposit from which it was derived. 

Subsidiary Matamorpbosiug Agencies. — The causes 
mentioned seem, as far as our knowledge goes, to have been 
the main agents in the production of metamorphism ; but 
in particular instances other subsidiary influences no doubt 
gave their help. Thus, for instance, Forchhammer believes 
that the presence of sea-weeds has conduced largely to 
bring about the present condition of the Alum Slate of 
Scandinavia.^ 

Summary. — Our present knowledge does not enable us, 
and it is doubtful if we ever shall be able, to unravel fuUy 
the intricacies of the subtle process of metamorphism ; but 
reasoning, such as that which has been laid before the reader, 
enables us to form what is probably a very just notion of the 
general way in which the result h]^ been brought about. 

* Report of British Assooiatiou, 1844, p. 77. 



304 


GEOLOGY. 


Heat is an essential requisite, but the difhoulty of account- 
ing for tiie transiuission of heat by mere conduction through 
such vast masses of rock as have been thorouglily meta- 
morphosed, obliges us to look for some vehicle which would 
propagate it by convection. Such a vehicle wo find in water. 
Iho universal presence of this aul)stan(5^, and its incessant 
state of circulation, tit it admirably for the task of acting 
as a diifusor of heat ; and at the same time by its power of 
softening rocks, and by its chemical reaction, it aids mate- 
rially in promoting rearrangement of the constituent 
minerals, decomposition and the fonnation of new com- 
poimds, and the introduction of fresh elements. Otlier 
substances, in the state either of liquid or vapour, may 
liave had a share in the process. Lastly, we can ohtaiu the 
requisite widespread heat, and the means of ]>roventing the 
escape of water and other volatile substances wliich aided it, 
only under the pressui’c of a considerable thiidcness of over- 
lying rock ; and on this and other grounds we conclude that 
metamorj)hism went on deep und<)r ground, and that we 
see Metamorphic rooks at the surface now only because they 
have been uplifted, and the covering of rock uTuh^r which 
they were once buried lias been removed by denudation. 

Metamorphism no IProof of Antiquity. — It is a fai t 
which has been long noticed that IMetainorphic rocks are 
more plentiful among the older than among the younger 
membt'rs of the rocks of the earth’s crust. So generally 
true is this, that at one time the fact of a rock being a 
crystalline Sdiist was looked upon as conclusive p>roof of 
gTeat antiquity. 

Such an inference is, however, by no means sound and 
good. We can point to rocks of this class which have (?ct- 
taiidy been produced during geological p(?riods compara- 
tively recent ; and there can be no doubt that metamor- 
pliism has always been going on, and is now in progress. 
But if we bear in mind the position of the motamorj^hic 
workshop, we sluiU see that tlio prevalence of metamor])]iic 
produces among the older rocjks is only what is to be c;x- 
pected. The Metamoiq>hic rocks of recent date are, for the 
most part, liidden from sight, because denudation has not 
yet had time to stiip off the covering of rock bemeath whicb 
the alteration was effected. It is only in districts like the 
Alps, where great upheaval and extensive denudation has 
gone on in comparatively recent times, that we can hope to 
get a sight of rocks that have been metamorphosed during 
the later portions of the earth’s lifetime. We must also 
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Lear in mind that the older a rock is, the greater chance 
will it have had of having boon subjected to metamorijliic 
influence, and this will tend to make mctamorphic products 
iiioro abundant in the older than the newer rocks. 

On the other hand, while we are bound to admit that 
luetamorphism has always been going on, we shall sec, in 
Chapter XI., that there is reason to believe that at very re- 
mote periods its action must have been more vigorous than 
at present. Whether, however, any of the Metamorj)hic 
rocks fonned during these periods still survive, is another 
and a veiy open question 


3C 



CHAPTER Vm. 

GRANITIC ROCKS, 

Thongb there is a great characteristic difference between the 
Plutonic and Volcanic actions and their products, the two, wdicn 
looked at largely*, are seen so to inosculate, that it is impossible not to 
xeter them to an agency common to both. — R. Mallet. 

O NE other group of rocks, namely Granite and its allies, 
remains to he considered. They form the (extreme 
ty|)e of those rocks -wliicli -vrere grouped together in the 
last chapter under the tliird subdivision of metamt)r[)hie 
products, and they might therefore have been treated of 
along with other members of that class. Wo have pre- 
ferred to give them a chapter to themselves for the follow- 
ing reasons. We are anxious to put clearly before the 
reader the reasons which have led geologists to believe in 
the metamorphic origin of many of the so-called Trappoan 
and Plutonic rocks, and the best way to do this seemed t<^> 
be to work out the argument for one special instance. Now 
no example can be more suitable for this purpose than 
Granite, for it was mainly from a study of it that the idea 
that many so-called igneous rocks are only the result of 
extreme metamor{)hi8m sprang up and gained strength. 

Granite, too, forms a connecting link between Derivative 
rocks on the one liand and subaerial lavas on the other. It 
can in many cases be observed to pass insensibly into Gneiss, 
and this in its turn to shade off impercei)tibly through 
Schistose and other less altered rocks into ordinaiy derivati ve 
deposits. On the other hand Granite differs from some sub- 
aerial lavas such as Trachyte in nothing but texture ; and 
there can be little doubt that the same melted mass which, 
when it hardened at the surface, took the form of Tracjhyte, 
would, if it had solidified under pressure, have assumed 
that of Granite. 

But while Granite is thus connected with both Derivative 
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and Volcanic rocks, standing as it were half way between 
them, it yet possesses jpecuHarities of its own which pre- 
vent us iroia classing it with either, and it may therefore 
be very conveniently considered by itself. 

Difference between Granitic and Volcanic Bocks. — 
The descriptions already given of the chemical and mineral 
composition of the Granitic rocks show that in these 
respects they differ in no essential particulars from some 
Volcanic rocks. We mentioned, however, that in texture 
there was a marked distinction between the two classes. 
This distinction consists mainly in the following circum- 
stance. Granitic rocks are without exception compact 
throughout; they never show the cellular, slaggy, and 
cindery textures so characteristic of true Volcanic rocks. 

This fact led to the behef that Granitic rocks had 
hardened from tlie same semi-molten condition as lavas, 
but that the cooling had gone on imder pressure, and it 
was pointed out that the necessary pressure would be 
obtained if we supposed them to have consolidated at some 
depth below the siuiace instead of having been poured out 
in the open air. 

Petrological Modes of Occurrence of Granite. — 

AVhon Granite is studied on a large scale in the held it is 
found to present itself under three clearly distinguishable 
fonns. It is sometimes bedded or occurs interstratified 
with undoubtedly bedded dejjosits ; in other cases it 
assiuncs the form of an amorphous crystalline mass, which 
takes the place of a portion of the rocks by M^hieh it is 
surrounded, and gradually melts away into them along its 
edges ; thirdly, we meet with Granite which is marked off 
by a hard line from the adjoining rocks, which sends veins 
into them, and is so related to them in lie and position that 
there can be no doubt that it has burst through them 
intrusively in a state of fusion. 

The first two forms may be distinguished as Metamor- 
plii(5, the last, provisionally,^ as Intrusive Granite. 

We will now give a sketch of one of the many cases where 
a perfect passage can be traced from unaltered sedimentary 
deposits, through a group of rocks showing a continually 
increasing degree of metamorj>hism, till the series ends in 
Gi-auite ; and then go on to describe some instances of tlie 
three forms under which that rock occurs. 

♦ Provisionally^ because, as we products of intense metamor- 
bave already pointed out, iutru- phisra, and tkerefore iu reality 
Bive rooks are probably only the metaniorphic. 
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Granite of the Pyrenees. — ^An excellent instance of 
the gradual growth of metamorpliism terminating in the 

E roduction of Granite is found in the Pyrenees, and has 
een most carefully worked out by Professor Puchs.* 

In that mountain chain there are several detached masses 
of Granite, and around each of these there wraps a belt of 
altered rocks, the metamorpliism of which begins at the 
edge fartliest from the Granite in traces which can bo 
detected only by the most careful scrutiny, and in a general 
way increases as the Granite is approached. Tlie following 
are the principal steps in the gi’adual series of changes. 

Outside the zone where metamor].>hism first becomes 
appai’ent there is Clay Slate, which to the naked eye and 
even imder a pocket lens seems perfectly homogeneous; 
niagiiilied 400 times ceHaiii dark points, indistinctly out- 
lined, make their appearance, and under a power of 900 
the rock resolves itself into an interlacing n<4.work of fine 
crystals of Quartz, Mica, Chlorite, and a little Magnetite. 
Next to this rock comes a Clay 81ate in wliich the dark 
spots become more readily distinguishable, but even here 
they are so small that they would not be noticed with the 
eye alone, were it not that their dull colour contrasts witli 
the lustrous brilliancy of tlie rest of the rock ; when this 
rock is highly magnified, the little spots are seen to bo 
c oncretions, and Quartz and Mica are clearl}^ distingui^li-. 
able in the body of the rock. As ^ e get further into tlio 
inetamori>hic zone the small (ioncretions increase in size, 
and become more distinctly outlined, till tlie rock becomes 
a true Nodular Schist (Ivnoteixschiefer or Fruehtsehiefer), 
at the same time the Quartz and Mica are more distinctly 
developed, so that the rock passes into a form intermediate 
between Clay Slate and Mica Schist to which it is not jios- 
sible to assign a definite name. The concretions continue 
to increase in number and size, till they at last assume the 
form of dark prismatic bodies, which are crystals of a 
mineral known as Andalusite. 

As we advance still further into the heart of the meta- 
morj^hic region, the rock assumes more and more the foim 
of a mixture of Quartz and Mica, and a curious ckango is 
noticed in the concretions and Andalusite ciy^stuLs: their 
outline becomes indistinct, Mica makes its appearance in 

* Die Alten Sediment-Forma- Leonhard’s J.Hhrb«ch, 1870, pp. 
tionen and too Metamorphose in 717, 861. Ste also Verhand- 
den franztisischen Pyrenaen, von lungen dsr k. k, Gwlogischen 
Hem Professor C. W. C. Fucha ; Eeichsanstalt, 1869, p, 314. 



OHAOTTE OE THE PYRENEES. 


309 


tliem^ and at last tliey fade gradually away and are replaced 
by the latter mineral ; in fact they undergo the process of 
change known as pseudomorphism, and Mica is gradually 
substituted for Andalusite. The rock thus passes into a 
typical Mica Schist. As soon as the change has been 
effected Felspar begins to make its appearance, at first 
sparingly, so^ that it is no more than an ac^oidontal con- 
stituent, but it becomes stc^p by step more plentiful, till the 
Mica Schist at last puts on the form fd* a foliated compound 
of Quartz, Mica, and Felspar, that is, passes into Gneiss ; 
and in many cases it is impossible to say whore one rock 
ends and the other begins. 

The eai'hest appearances of Gneiss are finely grained 
and poor in Quartz, but as we approach the Granite the 
rock bo<’-omos coarser and the Quartz more ])lentiful. 

Lastly the Gneiss loses by degrees its 8ohistose structure, 
and passes by the most imperceptible gradations into true 
Granite ; some of the intermediate varieties, which par- 
take ill a manner of the characters of both rocks, have 
been called Granitic Gneiss,"*^ 

As a rule the degree^ of alteration uKTeases steadily as 
we apj)roao]i the Granite, but tills is not universally the 
case. Occasionally beds actually in contact with Granite 
are less liighly altered than others farther off. In such 
cases the amount of nKdamorphism has probably been 
determined by something in the original constitution of 
the rock, which has caused some bi^ds to be more easily 
nndamorphosed thfui others. 

Metamorphic Granite. — Wo will now give one or two 
instances of those modes of occuritaice of Granite which 
have been distinguislied as metamorphic. 

We can, as has been said, distinguish two forms of this rock. 
Tlie first, where a truly Granitic rock has been produced, 
si.ill retaining traces of the original bedding : such Granites 
differ from Gneiss only in the abscaice or scanty appearanc*e 
oi foliation. In the second form, the metamorphic inh li- 
eu ces seem to Lave hefui jiowerful eiiougli to etface the 
bedding, and the result has been a (;r}"staUino amorphous 
mass whicli replaces a portion of the rocks that surround 
it, but shows no signs of having burst violently through 
them. Hand specimens of sueli rocks could give ils no clue 
to tlie way in wliich they arose ; but a study of such masses 

* There is a belt of metfimor- Cumberland to which the above 
phic rock around the Granites of description would apply almost 
Skiddaw and Carrock Foil in word for woxd. 
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in th© field proves them to b© encircled by belts of strata, 
each of which shows, as we proceed outwards, a smaller 
and smaller degree of alteration till we at last reach rocks 
perfectly unchanged; and these belts are not separated 
from one another by hard lines, but each melts impercep- 
tibly into the one on each side of it. 

The rocks characterizing the first form would seem to 
have been iirodueed by metamorphic action exerted uni- 
formly over lai'g© areas. In most of the cases belonging 
to the second form tliere seems to have been a centre where 
the energy of metamorj)hi8m attained a maximum, and 
from wliich it gradually decreased in all directions. 

The distinction between the two cases may be illustrated 
by th© following example. If heat be supplied uniformly 
to the under surface of a thick metal plate — if, for instance, 
it form the lid of a vessel of boiling water — ^temperature of 
the upper surface will be the same all over ; but if we 
direct a jet of flame against the back of the plate, there 
will be on the fiont a point of maximum heating, from 
which the temperature will decrease all romid. 

Donegal. — One instance of Granite which seems to come 
under the first head has been already given in the descrip- 
tion of the metamorphic distric^t of Donegal (p. 264), whore 
true beds of a rock, mdistinguishable from Granite, (K*cur 
interstratified with Mica Schist and other metamor])hic 
rocks, and where these alternations of Granite with other 
rocks pass gradually into a largo mass composed entirely of 
Granite, which possesses what may be traces of an originally 
bedded structure. 

Brittany. — What seem to be Granites of a similar 
origin are met with in Brittany. In that province two 
very distinct forms of Granite occur. One forms the flanks 
of the bin ranges. It is finely grained, and contains inter- 
stratified beds of Mica Schist, Conunon Gneiss, Granitic 
and Talcose Gneiss, into which it passes so insfmsibly that 
it is impossible to define a boundary between the two. On 
the borders of the Ghranitic areas the Granite is flanked by 
Gneiss, into which it passes imperceptibly, and the latter 
shades oflf through Mica Schist into broad tracts of Clay 
Slate. As we approach the Granite, crystals of a mineral 
known as StauroUte begin to make their appearance, and 
become more i)lentiful and more perfectly formed the nearer 
we get to that rock. All these indications seem capable of 
explanation only on the supposition that the Granite is a 
truly bedded rock, which has assumed its present form 
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through motamorphic action. Whether the result of this 
action has ended in the production of Granite or some other 
form of altered rock, would depend partly on its intensitj^ and 
partly on the composition of the rock submitted to its influ- 
ence. Where we get beds of Granite interstratified with 
other rocks, ihe former were probably strata whose com- 
p(^sition rendered them more su8c<^tible of metamorphism 
than the latter. Large tracts of Granite may have arisen 
from the alteration of a great thickness of such rocks, or 
from an intensity of metamorphism suffleient to convert 
into Granite rocks of different mineral composition. 

Tliat the extent of metamor|)hi8m does actually depend 
in some measure on the composition of the rock operated 
on is found to be the ease in many instances, of which the 
following may be taken as an example. In speaking of 
some metamorphosed beds in the southern uplands of Scot- 
land, Professor Geikie states that the character and extent 
of the metamorphism have been largely determined by the 
original composition of the rock. Its Quartz grains have 
suffered little or no change ; it is the dark argillaceous base 
or matrix that has undergone motamorpliism. Hence, 
when a coarse quartzose grit occurs it has suffered little 
alteration ; but where, on the other hand, the rock has been 
formed out of a fine sandy Silt or muddy Sand, the meta- 
morphism reaches its maximum. (Memoirs of the Geo- 
logical Survey of Scotland. Explanation of sheet 3, 
jmr. 25.) 

The other Granite of Brittany is more coarsely grained 
than the one just described and porphyritic. It does not 
show intercalations of other rocks ; it penetrates and sends 
veins into the first, and contains fragments of Gneiss. 
These facts sliow that this Granite has been forcibly thrust 
in among tlie group of beds of 'vvhi(‘h the first Granite is a 
member. This Granite forms the peaks and summits of the 
hill ranges.^ 

Friestlaw. — Of the second form under which Granite 
occurs, no better instance can be found than that of Priest- 
law in Berwickshire, f This is a triangular mass, about 
one square mile in extent, surrounded on all sides by Fel- 
sx^athic Sandstones and Shales. The rock of which it is 

♦ Explication d© la Carte Goo- East Lothian (Memoirs of the 
logique de la France, i. 192; Geological Sim^ey of Scot- 
GeoL Mag., x. p. 102. dand), p. 15. For another similar 

t Playfair, Illustration8,Work8 instance, seb the Geology of North 
(1822), i. 328; The Geology of Berwickshire, p. 29. 



312 


GEOLOGY. 


composed varies in texture and grain, but is for the most 
part a well-marked Granite, made up of Felspar, Quartz, 
and Mica, with pccasional Hornblende. Professor A. Goikio 
has described with great care a section, whicJi starts about 
a mile from the hill, and shows a series of ^adual changes 
in the surrounding beds, which terminate m Granite. 

He notes first that the strata become exceedingly fine- 
grained and compact, ringing with a metallic sound when 
struck; the Sandstones, however, still retain a granular 
texture, and the Shales, even when almost converted into 
Jasper, still show their fissile structure along a weathered 
face. The next change noticed is the appearance of a 
number of veins, beds, or dykes of ro(h indistinguishable 
from Felstone. These are not, as might be supposed, intru- 
sive masses, they shade ofi so imperceptibly into the Sand- 
stone adjoining them, that they are evidently metamor- 
phosed portions of the latter. One of these crystaHine beds 
has a base of pink crystalline Felspar, with scattered 
specks of black Mica and Hornblende ; in another case, a 
bed of exceedingly hard Sandstone contains gninnles of 
dark vitreous Quartz, and is so extremely altered that it 
might readily pass for a Felstone, were it not that its 
beaded structure is still distinct. The number of these 
crystalline masses and the intensity of the alteration con- 
tinues to increase, till we at last reach rocks of which it is 
hard to say whether they are to be called Sandstones or 
Felstones ; then follows a rock with much of the character 
of a Sandstone, but which soon passes into an undoubted 
salmon-coloured Felstone ; this becomes again more finely 
crystalline, until it once more resembles Sandstone. It is 
here composed of Folsj)ar, Quartz, arid Horablende, with 
Mica. To this compound immediately sucxjoeds by a rapid 
increase in the size of the crystals the true Granite of 
Priestlaw. 

This section shows beyond doubt that the Granite occu- 
pies a centre from whi(;h inetamorphie action ('xtended itself 
around among the adjoining rocks. The question arises, 
is tlie Granite itstdf only the final stop in the series of 
changes by which the surrotmding beds have been ren- 
dered more and more crj’stalline ; or is it a mass, intruded 
in a molten state, from which heat has spread outwards, 
and brought about these changers ? There is much against 
the latter view. The alteration produced by intrusive 
igneous masses seldom extends so far as in the present 
case into the adjoining rocks. But what tolls most strongly 
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against the second explanation is the almost insensible 
gradations by which the passage is effected from slightly 
altered Sandstones and Shales into Granite. 

An intrusive mass would probably produce some altera- 
tion of the surrounding rocks ; but there would still be a 
line of demarcation between the irruptive and the altered 
rocks unless the latter had been converted along its inner 
margin into a substance exactly identical with the former. 
This is not a thing very likely to happen, but it is only in 
this way that the gradual melting away of the more highly 
crystalline into the less altered rocks could be made as 
])orfect as it is in the present instance. 

A case like this, then, shows, that Granite can he produced 
hy the meiamorphism of rocks in situ, for some at least of the 
Priestlaw Granite must have originated in this way. Thus 
much we must admit ; and if we admit this, there is no 
ground for refusing to believe that the whole could have 
been formed in the same manner. 

South-west of Scotland. — Mr. J. Geikie has described 
some Granites in the south-west of Scotland, which seem 
to have had a similar origin to that of Priestlaw. The 
mass of the country is composed of Felspathic Sandstones 
int('rbandod t^dth occasional beds and broad belts of Shales 
and Mudstouos. The former apiiroaoh Granite in compo- 
sition more nearly than the latter, and we miglit therefore 
expect that, if a gi’oup of alternations of such beds became 
(jonvortod into Granite, the transformation would be earned 
to a larger extent in the Sandstones than in the Shales. 
This is found to be the case. There are certain patches of 
Granite to the north-east of Loch Doon, u hich make their 
appearance in broad bands of vortical hels])athic Sand- 
stones flanked on either side by hanl liinty Shales. The 
Shales are fmely crystalline along their line of junction 
vdth the Granite, but the metamorphism quickly ceases as 
we recede from the Granite along the trend of a belt of 
Shale ; on the other hand, >vhen wo proceed along a band 
of tlie Sandstone we find alteration extending to a much 
greater distance. Where the hard slaty Shales impinge 
on the Granite, we have no difiiculty in lading our tlnger 
upon the line which separates one rock from the other ; 
but at the point where the Granite and the Sandstones come 
together, the union of the two n)cks is so intimate, that we 
have usually no line of demarcation, but, on the contrary, 
a gradual passage.* 

* Geological Magazine, iii. 529. 
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Tile same author, in describing a similar tract of Granite 
and Minette in the same neighbourhood, which he believes 
owe their present form to metamorphic action, says: **The 
metamorpnism of these rocks has been deduced from a 
variety of considerations. The chemical composition of 
the unaltered strata and the Oiystalline rocks is similar, 
and distinct passages can be traced from granular and 
slightly altered Felspathic Sandstones through masses of 
various textures (the main constituent being Felspar, with 
(iuai*tz and Mica more or less abundant in places) into 
Crystalline rocks, such as Minette and Granite. When 
the relation of these oi^^stalline masses to the surrounding 
unaltered Sandstones is considered, the metamorphic cha- 
racter of the former becomes still more apparent. The 
Sandstones are not broken through and violently displaced, 
nor is there any appearance of confusion, as the centres of 
greater metamorjihism are approached. On the contrary, 
the dip and strike of the strata continue unchanged and 
perfectly distinct until the rocks begin to assume a 
‘ baked ’ and semi-crystaUine texture, and the bedding 
gradually becomes obscure, and at last vanishes altogether. 
11 ut after the metamorphic area is traversed, and the 
unaltered strata on the farther side ai^e readied, the Ftl- 
sjiathic Sandstones again appear with exactly the same dip 
and strike, giving no evidence of disnii>tion by gi’cat 
masses of igneous rock. It seems reasonable to conclude, 
therefore, that the Felsimthic Sandstones were once con- 
tinuous across the area now otjcupied by Crv’stalline rocks, 
and that these Crj’^stalline rocks have not been erupted 
from below, but are in truth only tlie PVdspatliic Sand- 
stones under a different form. The Sandstones in this 
area have been simply metamorjdiosod into Crystalline 
rocks: they have changed their texture while retaining 
the same general composition.^’* 

Intrusive Granite of Devon and Cornwall. — We 
next pass on to some cases in which the relation of Granite 
in lie and position to the surrounding rocks, and its 
behaviour in other respects, can be exphiined only on the 
hyiiotliesia that it has been forcibly intruded into tlie rocks 
that now sarroimd it. f The great bosses of Granite that 

♦ Memoirs of the Greol. Survey rocks, to denote that they have 
of Scotland. Explanation of burst through the surrounding 
sheet 22, par. 10. strata without necosf'adly reach- 

+ 'Jlie term irrupiive is often ing the surface ; while those in- 
applied to deep* seated intrusive trusive rocks which have been 
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occur in Devonshire and Cornwall seem to be of this 
nature, the evidence on a large scale being perhaps most 
conclusive in the case of that one which forms Dartmoor. 

The surrounding coimtry, the general structure of which 
is shown in Fig. 52, contains two very distinct groups of 
rocks. The upper, shown by the darker tint, consists of 
Sandstones and Shales, often with much carbonaceous 
matter, and here and there beds of impure Anthracite. 
Some earthy Limestones occur among the lower beds. Tho 
underlying groim is 
made up of Olay Slates 
and hard Grits. Both 
groups are thrown into 
a number of compli- 
cated folds and undula- 
tions, but in spite of 
these have a general 
dip to the north, as 
shown in tho section, 

BO that their separate 
beds come out to the 
surface in lines trend- 
ing on the whole east 
and west. Now it will 
be noted that one 
boundary of the Gra- 
nite runs nearly due 
north and south, or 
directly across the bed- 
ding, and this could 
only happen in one of 
two ways. Either the Granite is an intruded mass, or it is 
a 2 )ortion of the surrounding rocks which has been melted 
do\ni, and on cooling has assumed the form of Granite. 

There are many reasons for not entertaining tlie latter 
supposition. If this were the true explanation, we should 
expect to find the Granite showing a passage into the 
adjoining rocks, losing by degrees its crystamsation and 



Section ulong the Ime A B. 

Pig. 52. — Geological Skbtch-map op 
Daiitmoor. 


discharged from eubaerial rents 
are spoken of as eruptive* Tho 
latter are the igneous rocks of 
Delesse ; the former are included 
under his pseudo-igneous and 
non-igneoua classes, in the forma- 
tion of which other agents, be- 


sides heat, such as pressure, 
water, aud molecular action, were 
concerned. The names are not 
rery happy, for the last-named 
agencies have also had a share in 
the production of rooks of his 
igneous class. 
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such is not the case^ it is dearly marked off from the 
rofks with W’hich it comes in contact. Further^ if the Granite 
had Leon produced by the melting of the surrounding 
rooks, it would seem likely that the fusion of two such 
different groups as they are composed of woidd have given 
rise to produds of different foim and composition, and that 
we should have found one kind of Granite prevailing on 
the north and another on the south of the area ; but this is 
not the case, the Dartmoor rock is singularly uniform in 
character throughout. 

Considerations like these, combined with the marked 
way in which the Granite cuts across the bedding, lead us 
to conclude that this TO(;k has not been deriv(d by any 
modifieution of those which surround it, but has risen a per- 
fectly independent mass from below, and forced its way 
through them. 

And tliis conclusion is further confirmed by several 
minor points in the behaviour of the rock. Though the 
line of separation between Granite and the adjoining rock 
is sharp and distinct, the latter has often undergone just 
the same sort of baking and alteration as wo liave already 
seen occurs along the margins of intrusive dykes. The 
Granite also sends veins into the rock in contact with it, 
and lias caught uj) and enclosed in itself portions of the 
beds which it piuietrates. 

All the evidciuco, therefore, leads us to the comuetion 
that this is a body of rock which has been forcibly 
intruded in a molten state, and similar reasoning leads us 
to a like conclusion vith regard to the other Granitic bosses 
wliirk occur between Dartmoor and the Trend’s End. The 
probability is, that beneath the whole of this district there 
stretches a sheet of Granite ; that this was once in a state 
of fusion, and was then buried under a much greater 
thickness of bedded rocks than at present, and eve>ry here 
and there bosses, projecting above the general surface of 
tilt) mass, were thrust up into the overlying covering ; that 
deuudatifjn has stripped off enough of the capping to 
expose the summits of these bosses, but has not worked its 
way dtjwn to the spread of Granite beneath from which 
they all spring."*^ 

Intrusive Grajiite of Brittany. — We have already 
noticed the occuiTeiice of two kinds of Granite in Brittany, 

♦ For a description of another Jukes'a Manual of Geology, 3id 
area of intrusive Granite, see ed., pp. 241 — 245. 
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one intrusive, and the other apparently truly interhedded 
with Metamorphic rocks. The first forms the j)eak8 and 
ridges, and the second is found along the flanks of the hill 
ranges. This restriction of each kind to a separate region 
seems full of meaning, for before the rocks were brought 
into their present position, the beds out of which the first 
Granite was formed were the lowest of the group, while* 
those which gave rise to the second Granite were liigher up 
in the series.’^ The metamorpliism of the first Gb*anite 
therefore went on at a greater depth than that of the 
second, and was proi)ortionably more intense, so that the 
rock came not only to be fused but to be driven forcibly into 
the strata around it ; while the second Granite having been 
formed at a smaller depth, when the metamorphism was 
less complete, still retains traces of its original bedding. 

Granite Veins. — In the cases just described among the 
facts tending to estalilish the intrusive behaviour of the 
Granite were the sending of veins into the adjoining strata, 
tlie occurrence of included blochs, and contact-metamor- 
phism. We win now give a few further iUustrations of 
these occiirrenoes. 

It was from the observation of veins proceeding from 
a Granite mass and penetrating the overlying rock that 
Hutton was led to assign an igneous origin to Granite, f 
In some cases perhaps the appeaiunoe of veins may be 
deceptive; what look like veins may sometimes be seen 
proceeding from a Granite, which there is good reason 
to think has never been completely fused ; these, it may 
be, are portions of the adjacent rock, wliich yielded 
more readily to metamorphic influence than the more 
stubborn body of the rock itself, and so became converted 
into granite, while the rest of the rock remained com- 
paratively unaltered. But such an explanation is not 
admissible in those cases where Granite veins traverse rocks, 
such as Limestone, which no amount of metamorjihism 
could convert into Granite. Of many such instances we 
may take the following as an illustration. The strata in 
the region between the Massawippe Hiver and Canaan, in 
Canada, are in many places pierced by considerable masses 
of a beautiful Granite, which consists of white Quartz and 
Felspar, with a rather sparing amount of Mica uniformly 
mixed. Its intrusive nature is clearly shown by the 

* The student will realise this t Playfiiir^s Illustrations, 
better wh^^n he has gone through Works, 1822, voL i. pp. 101, 
Chapter IX. 308. 
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Granite dykes, wtich proceed from it in various directions. 
One of the largest masses measures about six square miles; 
it appears to displace the calcareous strata which it pene- 
trates, as these are observed to dip from it in several 
places. At one spot, within a short mstance of the edge of 
the granitic nucleus, a great number of Granite dykes are 
seen, cutting the basset edges of the Limestone beds, the 
whole having been worn down to a horizontal surface, 
a p>rtion of which is represented in Fig. 53. Some of the 
main dykes are from two to three feet in breadth, and 
divide into a multitude of irregular and reticulating 
branches, many of which are not more than the eighth 



Fig. 63 .— Dykes op G&akitb cutting through Limestone. 
Scale, about 1— SOOtk 


of an in(‘h wide. In the face of an escarpment, which 
rises from the Granite nucleus to this horizontal surface, 
a large dyke, of which all the others are probably ramifi- 
cations, can be traced down to its source.* 

Good illustrations of Granite veins will be found in Plate 
V, and on |m. 168 — 187 of De la Bechets “Report on the 
Geology of Cornwall, Devon, and West Somerset ; and in 
Professor Ramsay’s “ Geology of the Island of Arran.” 

Included Blodm in Granite. — Those masses of Granite 
which appear to have behaved intrusively, often enclose 
fragments apparently tom off from the rocks through 


♦ Report on the Geol. Survey of Canada up to 1863, p. 434. 
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which they have forced their way, and these blocks fre- 
quently show an external baked, or otherwise altered, 
coating. The reader will recollect that the same tiling is 
often observed in the case of dykes and other intrusive 
igneous masses. The following is one out of many such 
(jttsos. In the lienees is a Granite containing many 
blocks of a dark blue Limestone, identical with a ro(i found 
in the neighbourhood. The outside crust of these fragments 
is converted into White Marble, the crystalline texture 
gradually disappears towards the interior, and the centre has 
the same colour as the rock from which they were derived. 

It does not necessarily follow that all included masses of 
foreign rock which are met with in Granite have come 
there in the way just described. When Granite has arisen 
from the intense metamorphism of a group of rocks, some 
bods of which were more susceptible of metamorphic 
influence than others, it may well happen that portions of 
the less easily metamorjihosed beds may remain com- 
paratively unchanged in the middle of the crystalline mass, 
wliieh resulted from the reduction of the more readily 
altered strata. Cases of this sort have been noticed among 
the Granites of the south of Scotland by Mr. J. Geikie, 
see p. 31t3, and Geological Magazine ^ iii. 533. 

Instances have been described of included masses of 
enormous size in Granite.* One cannot help suspecting 
tJiat in such cases we are dealing with a metamorphosed 
group of beds of variable comjjosition ; that some have 
bo(m cronverted into Granite, w-lule others were better able 
to resi.st alteration ; and that the supposed included masses 
are really portions of the latter, rocks in fact that remained 
unaltered w^hile the beds on either side of them were 
altered so as to put on a granitic form. 

Contact - Metamorpldsm by Granite. — We have 
already seen how rocks in contact with intrusive igneous 
masses are frequently baked, hardened, and otherwise 
altered for a short distance from the plane of junction : 
just the same eifect has been produced in the neighbour- 
hood of Granite masses. 

Thus at Grange Irish, in the Carlingford Mountains, in 
Ireland, a fine grained Homblendic Granite sends veins into 
beds of overling Limestone : the Limestone is converted 
into a bluish sugaiy marble containing garnets. Here, 
too, the Limestone has reacted on the Granite itself, and 
wrought a singular change in its comxK)sition. 

♦ Zirkel, Petrographic, i. 603. 
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Professor Jlaiig-hton gives the following results of his 
analysis of the Granite ten yards from the point where it 
(^omes in contact with tlxe Limestone : — 


Silica 

Alumina . . , . 

Pi’ot oxide of Iron 
Lime . . . , 
Magnesia . . 
Potash , . . 
Soda .... 


Equivalent to 

7P4t 

12*64 


4*76 ; Quartz . . . 17*16 per cent. 

1*80 } Potash Felspar . 67*18 „ 

0 63 ■ Hornblende . . 15*40 „ 

6 * 47 ; 

3*03 


The dykes which proceed from this rock and penetrate 
the Limestone are found to have the following composi- 
tion : — 


Silica 

Alumina . , . . 

Protoxide of Iron . 
Lime » , . . . 
Magnesia . . • 


47*62 

28*56 

7*23 

16*44 

1*48 


Equivalent to 


Anorthite or 

Lime Felspar. 86*84 per cent. 
Hornblende . . 14*16 „ 


Comparing these two analyses we see that ‘Ghe quantity 
of Hornblende remains almost unaltered, and that the effect 
of the addition of Limestone to the melted Granite has been 
to convert the Quartz and Orthoclase into Anorthite. In 
this op<?ration the alkalies of the Orthoclase have disap- 
l)eared ; the Lime, being a more fixed base at high tem- 
j)erature, has alt<^ether displaced the alkalies.”* 

The change of Limestone into crystalline Marble by in- 
truded masses of Hombknidic Granite in the Island of Skye 
has been described by Professor Geikie.f Under similar cii*- 
cumstaneos day Slates and Saiidstuin^s have been c*onverted 
into Micaceous Schists, Gneiss, or similar foliated rocks. 

We must recollect that contact-metamorphism is not in 
itself a proof that the Granite in whose neighbourhood it 
occurs w^as necessarily intrusive. Alteration around a mass 
of Granite will occur, when the latter has been produced by 
the melting down of rocks in situ^ without the process 
having gone far enough to give rise to intrusive behavioiir. 
But in the latter case tliore will bo a gradual transition 
from Granite, through less highly altered rocks, to beds 
quite unchanged : where Granite has behaved intrusively, 
there will he a more or less marked line of demarcation 
between it and the rock it invades. 


• Quart Joum. Qeol. Soc., xii. 192 — 198. 
t Ditto, xiv. 18. 
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The Origin of Plutonic and Trappean Bocke. — It 

is ou facts such as those just described that we must 
base our speculations as to the origin of Granite and of the 
Tra])|>ean and Plutonic rocjks in general. We have already 
mentioned the views held on the subject by two opposite 
schools of geologists ; one maintaining that all Crystalline 
rocks have been derived from an internal permanently 
molten reservoir, while the other believes that some at 
least of the Crystalhue rocks have been formed by extreme 
meiamorphism of Derivative rocks. 

It is unfortunate that those who have taken part in the 
controversy have looked, in many cases, only at a part of 
the facts on which the solution of the problem depends. A 
case is found in which Granite shows every sign of having 
been forcibly intruded in a fused state into tlie beds among 
which it occurs, and the observer tliereupon jumps to the 
conclusion that all Granites are irruptive. Another ob- 
server detects Granite under circumstances which raise the 
strongest suspicion that it has been fomied m situ by in- 
tense metamorpliism, and forthwith refuses to believe that 
it has ever behaved irruptively. We have endeavoured to 
avoid these one-sided ways of reasoning by laying before 
tlie reader instances of both these methods of occurrence ; 
and now the question arises, Have these two fonm been pro- 
duced by different causes^ or are they only the results of different 
stages of the same operation ? 

There can scarcely be a doubt that bedded Granite, and 
the bosses of Granite tliat replacfe and pass gradually into 
tlie rocks that surround them, have been formed out of 
Derivative rocks by metaniorpliic action. 

The process by which the change was effected must have 
consisted in a sort of softening and loosening of the particles 
of the rock to an extent that pennitied a molecular re- 
arrangement of its constitutents. In the case of the first 
form this was done without effacing th(3 bedding; the 
second form resembles the first in ev<^ry respect except that 
it shows no traces of bedding, and it is therefore reasonable 
to suppose that it is merely the result of a more advanced 
stage of the same process that gave rise to the first form. 
Now it is perfectly conceivable that the very same process, 
if carried still further, might work still more important 
changes. The softening might go on till tlie rock bocame 
actually fused, and in this condition, under the influence of 
increased heat and the pressure of tlie overijdng beds, it 
might be driven forcibly through the rocks that surround 
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it ; thus tlie third or intrusive form of Granite would be 
produced."*^ 

When we reflect how closely all these forms of Granite 
agree in average chemical^ and mineral eomposition and in 
lithological character, such a view as this seems d priori 
more probable than the theory which would compel us to 
draw an intrusive form of the rock from one source and 
the metamorphic shape of it from another. We cannot 
deny that two of the forms of Granite have been derived 
from sedimentary rocks by an advanced stage of the some 
j>roeeas as gave rise to Gneiss, Mica Scliist, and the rest of 
the rocks admitted to be metamorphic, and a still further 
development of the same oj>eration seems to be perfectly 
(tompetent to give us the third form ; and it certainly looks 
more reasonable to accept this explanation, than to go 
out of our way to derive this third form from a source the 
very existence of which is, as we shall see by-and-by, 
somewhat problematical. 

It must be added that there are certain petniliarities in 
Granite which seem to show that, like the rest of the Crys- 
talline rocks, it could not be produced by the action of heat 
alone. When Granitic rocks have been fused artificially and 
allowed to eexf] slowly, the resulting product is altogether 
different from the original rock, though whether this is 
due to the rate of cooling not having been slow enough, or 
the pressure not having been great enough, or to what 
cause, we do not surely know. Again, its most infusible 
mineral, Quartz, instead of having been the first to crystallise, 
as would have been the case if the rock had been the re- 
sult of fusion pure and simple, has in many cases been the 
last to solidify. We can realise how tliis may have come 
about, if Granite has been produced by what has been 
already described as hydrothermal action, f 

If we admit in its entirety the doctrine that Granite and 


* For one case where intrusive 
Granite seems to have been pro- 
duced by excessive metairior- 
phism, see Quart. Joum. Geol. 
boc. of London, xxviii. 106. 

t Durocher has, however, at- 
tempted to show by a most in- 
genious line of reasoning how 
Quarts might retain a consider- 
able degree of fluidity or plas- 
ticity down to a temperature far 
below its freezing point during 


the cooling of a molten mass 
having the same elementary com- 
position as Granite (Comptes 
Bendus, 1846, xx. 1276). See 
also Vernon Harcourt, liei)ort of 
Brit. Assoc., I860, p. 181 ; Sorby 
on Mount Sorrel Sienite, Geoi. and 
Polytech. Boc. of West Riding 
of Yorkshire, May 28th, 1868 ; 
Scheerer, Bull, de la 8oc. Geol. de 
France, 2nd series, iv. 479, quoted 
by Scrope, Volcanoes, p. 288. 
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ttie other Trappean and Plutonic rocks had a metamorphic. 
ori^n, WG must ^ a step further and allow that lavas, 
which are only the subaerial shape of these rocks, were 
produced in the same way. We thus, by a long train of 
reasoning, have become convinced that what was pointed 
out as probable in the beginning of Chapter VI., has veiy 
strong evidence indeed in its favour, and that in all likeli- 
hood aU Crystalline rocks are the result of intense metamorphism 
of derivative deposits. 

Objections to Metamorphio Theory. — Those geo- 
logists who dispute the metamorphio origin of Granite seem 
to rest their opposition mainly on two lines of argument. 
They say that the composition of the Crystalline rocks all 
the world over is so imiform, that it is not likely that they 
could have been derived from beds so variable as they 
asseit the Derivative rocks to be ; and they maintain that 
tliere is no Derivative rock which agrees in chemical compo- 
sition with Granite, 

The first of these statements is certainly not strictly true ; 
and if it were, it would not prove the point it is intended to 
establish. Crystalline rocks are far from observing the con- 
stancy in mineral and chemic^ eompovsition that is assigned 
to them. And if the assertion is only intoiided to be taken in 
a wide general sense, it will apply equally well to those De- 
rivative rocks from which the metamorphic theory supposes 
Granite to be derived. Certain Sandstones looked at broadly 
are quite^as uniform in composition as any Granite; and 
therefore there is no ground for surprise if, when these Sand- 
stones are metamor]>ho8ed, the products also are much 
alike. The first objection, therefore, falls to the ground."*^ 

The second statement, that there are no Derivative rocks 
of the same composition as Granite, is decidedly open to 
(question. Instances to the contrary might be multiplied 
without Hmit, but one example must suffice here. The two 
analyses given below are taken almost at random from 
Zirkel: (1) shows the composition of a Clay Slate from 
Prague ; (2) that of a Granite in the Carpathians. 


Silica , . . . 


(1) 

67*50 1 

(2) 

69-31 

Alumina .... 


15-89 

10-40 

Lime 


2-24 

3-06 

Magnesia . , . . 


3*67 

0-83 

Potash . • , , 


1-23 

2-87 

Soda 


211 

8-29 

Oxide of Iron and Manganese 


5*86 

1-79 

* See AUport, Geol. Mag., ix. 188. 
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There can be no difficulty, as far as chemical composition 
goes, in believing that the constituents of the first rock 
might be so rearranged as to give rise to something very 
like the second. But even if this objection were well 
founded, it would not be fatal to the metamorphic theory ; 
for, since water plains so important a part in metamorphism, 
we can readily conceive that any ingredients necessary for 
the transformation of the rock into its new shape may 
have been introduced in solution either dui-ing or after the 
process of metamorphism. 

Beuoning extended to other Plutonic Bpocke. — ^We 

have so far confined ourselves to the particular instance of 
Granite, hut all our arguments apply equally well to the 
whole body of the Trappean and Plutonic rocks. 

In the first place there is no hard line separating Granite 
from the other Acidic members of those classes. In illustra- 
tion of this it will be enough to repeat what we have already 
said about the close alliance between Granite and Felstone. 

The lithological description and analysis of Granite show 
how closely it is related in composition to the more highly 
silicated Felstones. The main ditferencea between them 
are these. In texture, the Granite being tbe more largely 
crystalline of the two ; in the distribution of the Quartz, 
wluch in Felstone is usually so uniformly disseminated 
through the rock that it cannot be detected by the eye, 
while in Granite it occurs in lumps large enough to be 
easily recognised; in the presence of Mica, whkh occurs 
rarely in Felstone, but is universally found in Granite. 

All these differences, however, are such as might well 
characterise two portions of the same molten mass which 
tooled under different circumstances; and they confirm 
the conclusions already arrived at, that the Granite pro- 
duced by fusion consolidated under the pressure due to great 
depths below the surface, where the escape of heat would 
be very gradual, and where the consequent slow cooling 
allowed of the formation of a largely crystalline texture 
and a more complete separation of the constituent minerals. 
We do find in Granite veins, and on the edges of Granite 
masses, where cooling must have gone on more rapidly 
than in the body of the rock, passages between Granite 
and Felstone : the Granite loses its Mica and passes into a 
rock known as Elvanite,, and this again shades off into a 
rock indistinguishable from compact Felstone,* 

Nor are our conclusions confined to Acidic Bocks. De- 
* Sod the ptiper of Barocher’e quoted on p. 322 . 
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tails of one case where Basic as well as Acidic Trappean 
rocks seem to have proceeded from the metamorpbism of 
Derivative rocks have been given on p* 293. The con- 
clusions there arrived at have been confirmed by other 
observations in the same district. Thus Professor Geikie 
tells us of an intrusive sheet of a rock, which can be classed 
as Diorite, among the altered rooks of the Southern Uplands 
of Scotland, but which, in spite of its Trappean character, 
is foimd in the space of a few yards to pass into a rock 
which does not difi'er in general aspect from beds which 
are tmdoubtedly metamorj^hosed Felspathic Sandstones.* 
And he mentions that, while some of the stratified rocks, 
probably originally more quartzose, have been changed 
into Granite, others, which were probably more felspathic 
and argillaceous, have been altered into various Porphyries 
and Diorites.f 

Summary and Conclusions. — We have now for the 

space of eight chapters been plodding through dry descrip- 
tions of various lands of rocks, and explanations, some in 
the highest degree probable, others involving more or less 
of speculation, of the ways in which tliese rocks were 
originally formed and have been subsequently modified. A 
stone is no longer to us a stone and nothing more ; every 
stone carries with it a story, and the experien(3e we have 
gained enables us to decipher for each mdi^idual stone, 
with more or less of certainty, the characters in which that 
6fi.)ry is written, and translate it into our own tongue. But 
so far we have done little more than relate so many 
detiichod incidents in the history of the formation of the 
earth^s crust, little more tlian collect a bundle of historical 
anecdotes, such as is put into the hands of children to 
awaken in their minds an interest for historical reading, 
and lead them up to the study of history itself. The 
question arises, is our geological knowledge as yet suf- 
ficient to enable us to do anything fuither than gather a 
budget of geological tales ? l)o the isolated facts w^e have 
been reviewing naturally lend themselves to a connected 
narrative? Can we ascend from them to broad general 
views, and frame out of them something deserving the 
name of a history of a portion at least of the lifetime of the 
varth on which we live ? If it seems likely that we can, 
we shall do well boldly to make the attempt. For the 

♦ Memoirs of the Geol. Bun'ey f Ditto, Exphination of sheet 
of Scotland, Explanation of sheet 15, par. 35. 

8, par. 26, 



326 


GEOLOGir. 


history of every science shows that, if generalisations ar^ 
made in a truly cautious and pliilosophical spixit, and when 
ne<i6ssary, looked upon as merely provisional working hy^K)- 
thesos, the gain that fallows from tnem is immense; nay more, 
that if they are not made when the rig-lxt time for making 
thorn has arrived, the loss that results is still greater. Not 
only do well-grounded hypotheses serve as a string on 
which to hang our facta, where they can swing in full view 
and be readily got at when wanted, but th(^ also point out 
the direction we must go in if wo wish to add to our collection. 
And in the opinion of many eminent tliinkers the time is 
ripe for some degree of generalisation in Geology. It 
matters not that many page's of the geological record are 
so blurred and blotted that we can only grope our way 
stumblingly through them ; that many can be read in 
wweral different waj’^s, so that the interjuetations of them 
are almost as numei-ous as the interpreters ; that many are 
altogether blank, and many tom out and gone for ever. We 
bike heart, when we find very many written in characters 
which cannot be misunderstood, and find too that the pages 
we can read are numerous enough to justify us in attempt- 
ing conjectural restorations or emendations of those which 
are lost or corrupt. 

The hyiiothesis by which we propose to endeavour to 
connect together the isolated facts that have been laid 
before the rc^ader has been pretty clearly hinted at several 
times over in the last three cha j)ters. We will now put it in 
a fomxal shape, with the caution that, though it has for 
some time been finding its way more and more into favour, 
it must still bo looked upon as no more than a probable 
speculation. 

We have found that Granite occurs under three forms. 
Tender the first form it still retains traces of bedding or is 
interstratified with undoubtedly bedded rocks ; here there 
♦ an be little doubt tliat it is an intensely metamorj)hosed 
rock. Under the second form Granite occurs in amor|)hou8 
masses, which melt away insensibly on all sides into 
unaltered strata, show no signs of having burst violently 
through the adjoining beds, but look as if th^ filled up 
s])aceB once occupied by rooks similar to Giobo that surround 
them. Such appearances are best explained by su|)po8ing 
tliat portions of Gie roc^k-mass, in the heart of which these 
bosses occur, have been altered into Granite, the metamor- 
phism having been more intense than that whidi prodxioed 
the first form of the rock becausdth© bedding is effaced, but 
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yet not energetic enough to cause the Granite to behave 
irruptively. Under its third form Granite gives proof of 
having been forcibly intruded into the rocks among which 
it occurs, and its irruptive behaviour may reasonably be 
attributed to an increased degree of energy in the meta- 
morj>hic process which gave rise to it. 

There is reason, then, to believe that these three forms of 
Granite have not been produced by different cjauses, but 
are the results of three successive stages of the same 
process ; and now that we seem to have seen our way to 
three Enks in a chain of operations, we are led on to 
inquire whether any others of the geological processes wo 
have become acquainted with may not belong to the same 
series, and to try and assign to them their proper places 
in it. 

Now the metaraorphism which produr;ed bedded Granite 
differs in all probability from that which gave rise to 
Gneiss and less highly altered products, only in intensity. 
On the one side, then, we have a passage from the bedded 
form of Granite through Gneiss and other Metamorphic 
rocks into the Derivative rocks, out of which the latter 
were produced. Here, then, we seem to have an un- 
broken chain linking on Derivative rocks to one form of 
Granite, 

Looking in the other direction, the bedded Granites pass 
through the second form of that rock into Granites which 
have been sliifted from the spot where they were meta- 
moiqdiosed and driven violently into rents and fissures. If 
such openings fail to reach the surface, the injected masses 
harden imder pressure, and give rise to Trappean and 
Plutonic products. The passage, for instance, that has 
frequently been observed between intrusive Granite 
through Elvanite into compact Felstone (Petrosilex), 
shows one case of a Trappean rock which is nothing but 
Granite modified by the circumstances under which it 
cooled. But if Granite should be injected into a vent 
opening above ground, we can scarcely doubt that the 
portion of it which hardfuied luider ordinar^^ atmospheric 
pressure would take the form of Trachyte. 

On this side, then, Granite is coimeeted with one of the 
commonest forms both of the deep-seated and subat*rial 
crystalline rocks. 

The complete chain of operations, then, would seem to be 
as follows. First, Derivative rocks are formed by the wear 
and tear of ciystaUiue strata.*. Certain of these Derivative 
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rocks, coming within the range of metamorphic action, 
pass through various stages of metamorphism into Gneiss, 
and thence into the three successive forms of Granite. By 
the final step an intrusive product is obtained, which, if it 
harden under pressure, takes the form of a Plutonic or 
Trappean rock of Acidic composition, 8u<jh as Gbanite, Elva- 
nite, or compact Pelstone ; but if it be ejected on to the 
surface, hardens into an acidic lava, such as Trachyte. And 
60 , in the end, we come back to the Crystalline rocks with 
which we started.* 

Granite has been selected as a particular instance for 
illustrating this great cycle of changes, but the line of 
reasoning applies equally well to all the members of the 
Plutonic and Trappean classes of rocks. 

Derivative rocks of suitable composition are capable, 
when subjected to the same prowess, of giving rise to 
Basic and other varieties both of deep-seated and subaerial 
Crystalline rocks. 

If the hy 2 X)thc 8 is just explained be true, wo niiglit 
exjiect to find that peiiods of great metamorphism M 
be also periods of great volcanic activity. Professor Geikie 
has pointed out one instance in which this has certainly 
been the case;f and he has suggested a very probable 
reason for this connection, whicli we shall have to con- 
sider when we come to inquire into the cause of volcanic 
energy. 

An attempt has been made to present to the eye a dia- 
grammatic representation of the round of changes from 
Derivative to the different forms of Metamorphic and 
Igneous rocks in Fig. 54. 

On the right, widespread regional metamorjkism is going 
on over a large area, the action increasing in intensity from 
left to right. On approaching this traci: the bedded rocks 
gradually put on metamorphic forms, and shade off into 
Gneiss and bedded Granite ; as we get more into the heart, 
of the metamorphic region, the latter passes into molten 
amoiphous Granite. The beginning of the change, and 
the final passage into Granite, take place at a greater 
distance from the metamorpliic centre in some beds than in 

♦ See the paper of Mr. Judd’s, moirs of the Oeol. Survey of 
already referred to, on the Se- Scotland), p. 38; fiamsay, Ad- 
condary Hooks of Scotland. Q,iiart. dress to Geol. Section of British 
Joum. Geol. Soc., xxx. 233—237, Association, 1866. 

289—295 ; A. Geikie, The Geo- t Transactioxis Edinburgh Geol. 
logy of East Berwickshire (Me- ♦ Soc,, ii. 287* 



Unaltered DeriTatire lUvIw. Wetamorphic Bocks. Plutonic Bodn. 



Fig. 64. — DiAOKAM to ILLUfiTUAXE THE RELATIONS OP BeRIVATIVS, MkTAMORVHIC, PlUTOXIC, AXB VoiCANIC E 0 OK 8 . 
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others, those first affected being more susceptible of meta« 
morphic influence than the strata above and below them. 
In this way we get along the margin of the metamorphic 
region beds of Granite interstratifiod with crystalline Schists. 
Still fui-ther to the right, where the metamorphic energy 
has reached its maximum, portions of the fused Granite 
have been injected into the overlying rocks. Some of the 
do not reach the surface, and the matter that hardens 
iu them gives rise to intrusive Plutonic or Trappean pro- 
cesses ; tivo other vents do reach the surface, and the por- 
tions of the fused mass that are forced up through them 
flow out and harden into lavas, some of which are j)oured 
out on land, and others, streaming over the sea-bed, become 
iuterstratified with the derivative deposits that ai*e being 
hiid down beneath the water. 

To the left is a centre of local metamorphivsm, around 
which portions of the Derivative rocks are converted into 
Granite ; here, owing to the smaller intensity of the meta- 
morphism, none of tlie molten matter has behaved intru- 
sively ; the irregularities in outbne of the Granite masses 
ari» not caused by intrusion of that rock, but are due to the 
fact that some beds are more readily metamorj>hosed and 
<*onverted into Granite than others, and accordingly the 
process of change has spread further into them than into 
the strata less open to alteration. A belt of altered rock 
fringes tliis mass, and also the Granite dykes to the right ; 
but it will be noted that this is much narrow er than the 
broad band of altered rock which abuts against the tract 
of regional metamorjdiism. 

Classification of the Crystalline Bocks based on 
the Metamorphic Theory. — In the case of the Non- 
( Vystalline rocks, all our . attempts to classify them in a 
satisfacitory manner failed so long as we neglected to take 
into account the way in which they were fonned. But as 
soon as we were able to show that they had all arisen 
directly or indirecftly from denudation, we saw our way at 
once to a comprehensive and natural scheme of grouping, 
w hich Tinder various hands might assume various forms as 
far as details go, but in general outline would resemble the 
arrangement attemjited on page 1 80. 

In the same way, when we enme to deal with the Crystal- 
line rocks, we found the ordinary classification of them 
defective and often inconsistent, because it failed to pay 
attention to the method of their origin. But if we can 
sliow^ that the Crystalline rocks all owe their existence 
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ultimately to a common cause, or if we could subdmde 
them into a number of groups in each of which aU the 
members had a common origin, we should then begin to 
have hopes that they too might be brought under a 
natural and consistent arrangement. 

It is hardly yet time to assert, that the theory which 
refers all Grystalline rocks to various stages of meta- 
moriihism, is securely established ; but the jirobability of 
this view ultimately turning out to be ciorrect is so great, 
that it is worth while trying what sort of a classification it 
would lead to, if it were true. 

Now tliere are three things we want to loam about a 
rock, if our kno wledge of it is to be complete : — 

1st. The way in which it was i)roduced. 

2n(L The petrological manner of its occurrence. 

3rd. Its mineral composition. 

In the case of the Crystalline rocks the answer to the first 
(question resolves itself, according to our present views, 
into a statement of the degi'oo of met a morphism each rock 
has undergone, and under this head we can distinguisli 
three stages. 

1st Stage, in wliieh some traces of the originally bedded 
character of the rock still remain. Tl\e rocks of this stage 
may be called Metamorpixic, and dinded into Xon-FoUated 
and Foliated. 

2nd Stage, when the bedding has been entirely effaced 
and a crystalline amorT)hous mass produced, but the product 
doen not behave intrusively, lliese rocks may be called Non- 
iNTETJSI^rE-PLXrrONIC. 

3rd Stage, a further advance on the last, by wliich the 
crystalline products have been enabled to burnt threniyh the 
surrounding rocks. Under this head there are two sub- 
divisions. The first includes those portions of the intrusive 
mass which never reach the surface, and harden under 
pressure. These may be distinguished as iNTBxrstvE- 
Pltttonic, or Ieruptite, The second subdivision takes 
in the rocks which burst out on to the surface and form 
subaerial or submarine flows. These may be styled 
Ekiti>ti\"e. 

Our next care wiU be to specify the petrological form 
under which each rock presents itself : and the principal 
petrological forms under which Crj^stalline rocks occur, are 
— Beds, i.e. true strata, Masses, Dykes, Veins, Necks, In- 
trusive Sheets, and Contemporaneous Sheets or Flows. 
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Lastly, the mineralogical composition may be denoted 
by an adjective, such as Granitic, Dioritic, Basaltic, and 
so on. 

The general scheme, then, will stand as under : — 
Gbnbral Classification of Ckystalliks Rooks. 


Method of Formation. 


Mode of ‘ Principal 

Occnri'enoe. , Blinemlogical Varietiee. 


A.— Mbtamobphic 


/ More or 
1 less dis- 
j tinctly 
\ beddM I 



Quartzite, Porcellanite, 
Crystalline Lime- 
stone, some Granitic 
rocks. 


I 


( Schists, Gneiss, Gra- 
nitic Gneiss. 


B. — NoN-iNTErsivB Plutonic 


Masses 


( Felsitic, Dioritic, Gra- 
\ nitic, Syenitic, &c. 


C. — laEUPTIVB 


D,— 'Revptivb 


{ Masses 
Dykes 
Veins 
Sheets 


'Felsitic, Trachytic, Ba- 
I Baltic, Doleritic, &c. ; 
some Granitic, Syeni- 
tic, and Dioritic rocks. 


i’ Flows 
! Necks 
(Dykes 


{ Felsitic, Trachytic, Ba- 
saltic, Doleritic, kc* 


The terminology of the first column of the above table 
is by no means all that could be wished for. The restric- 
tion of the term Metamorphic to one class of a body of 
rocks, the whole of which are, according to our statement, 
of metamorphic origin, is imdesirable, and Non-Intrusive 
Plutonic is the reverse of elegant. But it will bo time 
enough to set about coining new terms when it is seen 
whether the scheme now put forward tentatively meets 
with approval. Till then, it seemed better to adoi>t terms 
already in use, even though they are employed in a sense 
slightly different from their common acceptation. 

An application to one or two actual iustances will per- 
haps make the above scheme more intelligible. The 
stratified Granites of Donegal will according to it be de- 
scribed as Qrmiiic Metamorphic Bede, The Granite of 
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Priestlaw will be a Granitic Non-Intrmive-IHutonic Mam, 
The Granites of Devon and Coniwall ^dll be Granitic 
Irruptm Mosbcb, In Ai’thur’s Seat the Intrusive Sheets of 
Trap will be Boleritic Irruptke Sheets; the interbedded 
Traps, Boleritic Eruptive Flows^ or simply Boleritic Flows ; 
the rock of the summit a Basaltic Eruptive Neeh^ or simply 
a Basaltic Neck, Necks and Mows being necessarily Erup- 
tive, the adjective in their case may be diopped. 



CHAPTER IX. 

IIOTF THJS ROCKS CAME INTO TSB POSIT JONS IK 
iVMJCH WE NOW FINE THEM. 

** They are raised for ever and ever 
And sink again into sleep.*’ 

Tennyson. 

SECTION I.— NATURE OF THE DISPLACEMENTS WHICH 
ROCKS HAVE UNDERGONE. 

W E have now learned the ways in which the different 
kinds of rocks composing the earth’s crust were 
formed, and the modifications of structure which some of 
them have undergone since their formation ; our next step 
will be to inquire into the changes of position they have 
suffered, and how these changes were brought about. 

Bisplacemezits which Submarine Bede have Suf- 
fered. — large number of the rocks of the earth’s crust 
were originally formed in approximately horizontal beds at 
the bottom of the sea, but this is not tlie position we now 
find many of them in. They have frequently undergone 
two veiy important displacements. 

First, they have been raised high and dry into the air, 
sometimes even up to the summits of lofty mountains ; 
secondly, the beds into which they are divided are no longer 
horizontal, but inclined to the horizon at all angles from 
the gentlest slope up to becoming absolutely vertical, often- 
times bent into broad folds or puckered up into the sharj)est 
and mf>8t complicated curves, in some eases even tume<l 
over, BO that the stratum originally at the bottom is now 
uppennost. 

It will conduce to clearness of ideas if for the present we 
consider these two disi)lacement8, the upward rise of the 
beds and the displacement of them from their originally 
horizontal position, as separate facts ; but we shall see in 
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the end that it is very possible they are both due to the 
same cause. 

. SECTION n.— VERTICAL ELEVATION. 

Two poMible Eacplaiiatioiui of BloTfttioii. — Tlie 
presence of beds, whi<}h were formed beneath the sea at 
different heights above its present level, may be accounted 
for in two ways. Either the sea has shrunk and had its 
level lowered, or tracts which were once beneath its waters 
have been raised into dry land, other tracts being depressed 
to form receptacles for the water thus displaced. 

Arguments against a !Lowering of the Sea-IeveL 
—There are many in8ui)erable difficulties in the way of 
accej)ting the first explanation. According to it, the ocean 
must have stood in some cases upwards of ten thousand 
feet above its present level, and, as a rise in the sea-level 
must be universal, the whole of the globe must have been 
submerged to this dejith. Here we are at once met by the 
difficulty of getting rid of so enormous a bulk of water, a 
difficulty which is very much increased by the fact that 
Geology shows that the relative level of the sea and land 
has oscillated upwards and downwards over and over again ; 
so that we have not a general decrease in the waters of the 
ocean to account for, but c^iuntless repetitions of alternate 
swelling and shrinking, 

Fuither, to take a particular instance, marine strata, 
belonging to W'hat is known as the Nummulitic formation, 
are foun(l in the Alps and other mountains at a greater 
height than that just named; if the sea ever reatjhed up to 
the level where they now o(;cur, nearly the whole earth 
must have been under water, and nothing would have been 
loft in the shape of diy land but a few' islands formed by 
the peaks of the highest mountains. But in France and 
England there are Estuarine and Lacustrine de2)osits con- 
taining the remains of land animals, of the same age as 
the Nummulitic beds, and this shows that at the time when 
the latter were being formed extensive tracts of land existed 
at no great distance from the spot where thej'' attain so 
great an elevation. It is evidently impossible tliat the sea- 
level should have retained its present position in England 
and France, and at the same time stood so much higher in 
Switzerland. Besides, the very existence of Derivative 
I’ocks requires land, from the waste of wliich the materials 
necessary for their formation may be derived. But w'hero 
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shall we find land enough if the whole globe was sub-» 
merged to these great depths ? 

Again, the hypothesis of the lowering of the sea explains 
only one-half of the facts we have to account for; no 
alteration in the depth of the ocean will tilt beds originally 
horizontal, or fold and contort them. 

The Land has gone up, not the Sea gone down. — For 
these and other similar reasons we cannot allow of the pos- 
sibility of such oscillations in the sea-level as are required 
by the first explanation, and are driven to attribute the 
occurrence of marine beds in inland and lofty situations to 
an elevation of the sea-bed, by w^hich tracts once below its 
waters have been upraised and turned into dry land.* 

Denudation gives Proof of Elevation. — The pheno- 
mena of denudation point to the same conclusion. The 
wear and tear of the land, which is everywhere going on 
slowly but without ceasing, if it had been allowed free play 
without any counteracting influence, must long ago have 
swept away eveiything exposed to its action, and have re- 
duced the land to a dead fiat but little mised above the 
sea-level. 

This has noi happened, and there must have been there- 
fore some antagonistic force at work to counterax^t the level- 
ling tendency of denudation. Just what we want would be 
supplied by forces of elevation, which from time to time 
raised sea bottoms into dry land, and so formed new con- 
tinents to take place of those which had been worn down 
by denudation. 

Zustances of observed Oscillation of Land. — Con- 
siderations such as these w’ould be quite enough to con- 
vince us that changes in the relative level of the land and 
sea have occun'od, and have been produced by movements 
of the solid crust, and not by an alteration in the bulk of 
the ocean, even if no oases of such movement had actually 
come under observation. Our position will, however, be 
aU the stronger if we can point to actual instances where 
movements of the land have been observed, and this we 
fortunately can do. 

The well-known case of the Temple of Serapis, at Puz- 
zuoH, near Naples, shows that within the historic period 
the spot where it stands was once beneath the sea.; was 
afterwards upraised and became the site of a temple older 
than the one whose remains are now standing ; was pos- 
sibly again submerged and again upraised before the build- 

* The whole question is lucidly treated hy Playfair, Works, i 432. 
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in I? of the preBeiit ruin; was again let down till the sea 
rose at least some twenty feet above tlie pavement of the 
temple ; was again raised into dry land, and is now slowly 
sinking again.^ 

Then again we have the case of the Scandinavian 
peninsula, where there is good reason to believe that 
v ithin the memory of man the northern part of the coun- 
try has been rising, perhaps at the rate of two or three 
feet in a century; that the movement lessens as we go 
southwards till about Stockholm the land is stationary; 
and that still furiher soutli motion is going on in the 
opposite direction and the land is slowly sinking, f It 
will be seen how a case like this, and it is not an isolated 
one, effectually disposes of any attempt to explain the 
phenomena we are considering by a lowering of the seu- 
level. 

We have distinct proofs of o.scilhitioiis of level in our 
own countiy at no very distant period. Every hero and 
there round the northern part oi the island we find, at a 
lieight of from twenty to thirty feet above the present mean- 
tide level, a flat terrace stretching inland for a distance 
v/irying from a few yards to several miles, and bounded 
on the landward side by a line of bluffs, bearing a strong re- 
semblance to a sea-cliff. The sub.soil of this terrace consists 
of 8and, Silt, and Shingle, occasionally enclosing shells and 
other marine remains, and in some cases human imple- 
ments and canoes. This terrace is evidently an old sea- 
beach, and shows that the land at one. time stood some 
twenty or tliirty feet lower than it does now, and remained 
in that position long enough to give the sea time to cut 
a notch in tln^ sedid rock as a record of its former level, and 
to strew the floor of tliat notch with shore deposits. In the 
(d ovation that followed the land was raised to a greater 
height than at pi’csent, for we constantly find stretching 
out b( low tlui sea the* remains of buried forests, the trees 
of which not only grew on diy land, but could have attained 
their sisse and luxuriance only in situations sufficiently far 
inland to be removed from the bliglitiiig influence of sea 
breezes. We have, therefore, evidence of a time when the 
land was lower than now, of a subsequent upheaval 
which raised it above its present level, and in fact pro- 
bably connected it wdth the continent of Europe, and aftei'- 

• For details, see Lyell’s Prin- f L3 ell’s Priuciplos, vol. ii. 
Ciples, vol, ii. cliHp. XXX. ; Quar*. chap, xxxi, 

Jourii. Geol. fcSoc., iii. 186 . 

Z 
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'u arfls of a depression which produced its present instilar 
condition.* 

Submergence produced by a Polar Icecap* — Tliere 
is one possible means by whicli a change might have been 
produced in the position of the sea-level without any move- 
ment on the part of the land, that ought not to be passed 
over. 

AVe have evidence that there have been times when the 
climate of the polar and temperate regions became far 
more severe than at present, and it seems likely that 
these cold periods shifted from one hemisphere to the 
other perhaps several times over during a long lapse of 
years. It has been supposed, that, in consequence of this, 
enormous accumulations of ice gathered, now round tlio 
northern and now round the southern polar regions, whit*li 
reached down far into the temperate zones. Should such 
caps of ice ever form around the poles, their attraction would 
tend to draw the water of the ocean towards the polo around 
wliich they were placed, and so raise the ocean level in the 
corresiiouding hemisphere. 

There is, however, considerable doubt whether this cause 
has ever really bec*n in action. That there have been tliese 
periods of intense cold is beyond question ; but there is no 
evidence to show that there ever was a continuous cap of 
ice spreading away in every direction from the pole. Tliere 
is distinct proof that during these times every region, whose 
configuration made it a good gathering ground, became a 
great snow-field, and a centre from which ice-sheets and 
glaciers were sht'd off, but all the known fac*t8 are dead 
against the idea of the northern regions having being ever 
swathed in one general covering of xce.f 

SECTION III.— m8PT.ACEMENT OF THE ROCKS FROM 
THEIR OIUOINALLY HORIZONTAL POSITION. 

The instances we have given furnish proof of up and 
down movements, by which rocks fonned beneath the sea 

♦ For other cases of oeciUation Heath, Phil. Mag., ith series, 

of level, see Geol. Mag., vol. viii. xxxi, 201, 823 ; Pratt, Phil. Mag., 

pp. 800, 430 ; Nature, i. 381. 4th series, xxxi. 172L 632 ; Figure 

t On this subject, see Adhe- of the Earth, 4th ed., p. 236 ; O. 

mar. Revolutions do la Mer (Leip- Fisher, The Reader, Feb. 1 0th, 

zig, 1843); CroU, The Reader, 1866 ; and The Reader, 20th Jan., 

Kept. 2na, Dec. 2nd, Dec. 9ih, Feb. 24th, March 17th, 1866 ; and 

Jan. 13th. 1866; Phil. Mag., for a summary, CroU’s “Climate 
4ili Series, xxxi. 301 (Ap. 1866) ; and Time,’* chap, xxiii. 
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are raised above its level. But this is not all that has 
happened to them. In the case of stratified deposits we 
know that their beds must have been at the time of their 
formation approximately in a borizontal position; there 
would be exceptions when sediment was thrown down by 
currents in sloping layers, but these are unimportant in a 
general view, and, speaking broadly, we may say that beds 
of sedimentary rocks were originally horizontal But this is 
not the positon in which, in many cases, w'e now find them, 
and hence we learn that rocks have been affected by other 
movements besides that of mere vertical elevation. A mo- 
ment's reflection on the way in which sedimentary rocks 
were formed would be quite enough to convince us that they 
could not have been deposited in the inclined positions in 
which we often see them ; but one or two other facts lead- 
ing to the same conclusion may be just mentioned. The 
surface of such beds often bear ripple-marks, rain-pittings, 
and the tracks of animals, W'hich could not possibly have been 
impressed on them in their present highly inclined position. 
We occasionally find embedded in rock the trunks of trees 
still rooted In the soil in which they grew, and inclined at 
the same angle to the vertical as the beds are to the 
horizon. We cannot suppose these trees grew in such an 
imusual position ; but if we 8upp<ise them to have sprung 
up when the beds were horizontal, and to have shart>d in a 
subsequent tilting, their position will be satisfactorily ex- 
plained. Again, if we examine a deposit of Shingle we find 
a tendency among the pebbles to arrange themselves with 
their flat surfaces and longer axes horizontal ; but wher- 
ever we find inclined be^ of old Shingle or Conglo- 
merate, the flat surfaces of the pebbles are parallel to 
the bedding, showing that, since the former were depo- 
sited horizontally, the same must have been the case with 
the latter. 

We win now go on to consider the displacements rocks 
have undergone from their originally horizontal lie, and 
define the terms used in describing them. 

Dip.— Where strata have been tilted from a horizontal 
position, their inclination to the horizon is called the I>fp. 
^he amount of dip may be stated in degrees, or by saying 
ihat the bed rises or falls so much in a given distance. Thus, 
in Eig. 55, if -4 J? 6^ be the surface of an inclined stratum, 
OBC a horizontal plane, -40 vertical and -4 i) perpendicular 
to ^ 0, the angle AD 0 is the dip of the bed ; and if this 
angle be measured and found to be 19 degrees, we may 
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Bay that tMs is tLe amount of the dip ; or since 0 is in 
this case three times as long as A 0, we may say the dip is 
1 in 3, or 12 inches to «ie yard. The bearing of the 
line D G, which may be determined by a compass, is the 
direction of the dip. 

Strike. — The liAe (7, or the intersection of the inclined 
bed with a horizontal plane, is called its StrzJte or Lovel 
limy and is described by its compass bearing. 

Perhaps the simplest illustration of dip and strike may 
be given by holding a board or slate in an inclined posi- 
tion in a trough of water. The intersection of the surface 
of the water with the slate is necessarily horizontal, and 
gives the line of strike ; if a drop of water be placed on 
the slate it will run down the steepest line on it, and this 


A 



Fig. 65. 


is the line of dip. In practice a quarry partly filled with 
water is the best possible place for determining dip and 
strike. 

To put the definitions as shortly as possible, we may say 
that the line of dip is the line of greatut ineUnation that Cian 
be drawn on the surface of a bed ; the line of strike is the 
line of no ineUnation, 

Measurement of 2>ip« — ^If we have the surface of a 
bed laid bare, we can determine, by an instrument for 
measuring angles, called a Clinometer, the direction of a 
level line on the bed, and then, by measuring the in- 
clination along a line at right angles to the level line, we get 
the amount of the dip. Or the mp may be measur^ on an 
exposed face of ro(?k, such as a cHfi or the wall of quarry ; 
but in such a case, in order to determine its full amount, 
it is necessary that the face should be, like A 0 D, per* 


OTJTCEOP, 


341 


pen<licular to the strike ; if, for instance, a measurement 
was made on faces such as AB 0^ AC 0^ the observed 
angles would be less than the full amount of the dip.^ 

In practice it often happens that we cannot find a 
vertical face running along the true dip; but we can 
generally get measurements of the apparent dip along two 
faces, malnng a large angle with one another, from which 
the amount and direction of the full dip may be determined 
by calculation,! or by a graphical method given in the 
Geological Magazine^ X. 332. A little practice, however, 
will generally enable us from two such obsen^ations to make 
an estimate of the full dip quite near enough for all prac- 
tical purposes. 

Outcrop. — The line along which a bed cuts the surface 
of the ground is called its Outcrop or Baeui, If the 
surface be horizontal, the outci*op and strike will coin- 
cide, but this win not be the case on undulating ground 
unless the bed be absolutely vertical ; for all other indina- 
tions the outcrop will wind about with the inequalities of 
the surface, and the bendings wUl be larger the smaUer 
the dip. 

The way in which the outcrop of a bed of moderate 
inclination winds round hills and runs up and down v^iUoys 
is at first somewhat puzzling, and any attempt to explain 
it verbally would oiuy lead to increased confusion. The 
beginner w'ill derive mxich assistance from models such 
as those of hlr. Sopwith, or he may construct rude 
models for himself by laying a few layers of putty, 
separated by sheets of coloured paper, in an inclined 
position, cutting valleys across them, and noting the 
difference in the figures formed by the edges of the paper, 
according as the ground is inclined in the same direction 
as the beds or not, and as the slope of the surface is 
greater or less than the dix> of the beds ; he will be in a 
bettor case still if he has an opx:>ortnnity of examining an 


♦ For tabloa giving the amount 
of dip along a line inclined to 
that of the full dip, see Jukes’s 
Manual, Appendix I., and the 
>Jeology of the South Stafford- 
fihire Coalfield (Memoirs of the 


Gooh Survey of England), p. 
216. 
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Fig. 56 . — Ukdl’latino and Contorted Beds -with a ornbral Dip in on* Dikkction. 
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undulating^ oountiy where tho run of 
the beds can be easily traced, 

XTndnlatioiui and Contortiona. — It 
very rarely happens in nature that the 
dip of the bed is constant for any long 
distance; it frequently varies both in 
amount and direction from point to 
point. When the changes are small and 
^ntle, a series of easy rolls or undu- 
lations is produced. In other oases the 
foldings are excessively sharp and sud- 
den, and the beds are then said to be 
emtorted. 

Undulations and contortions may be 
present on a small scale without inter- 
fering with the general dip of the beds ; 
thus, in Fig. 56, the beds on the left 
have been thrown into a series of broad 
gentle folds, and towards the right have 
been puckered up into sharp curves, but 
preserve, in spite of these lesser irregu- 
larities, a general dip from the right 
towards the left. 

A case of violent contortion on a small 
scale is given in Fig. 57, which is a 
natural section of Shale and thin Sand- 
stones in North Staffordshire. 

Fig. 58* shows another case, where 
beds of solid Limestone have been bent 
to the form of an inverted W. It is in 
mountain chains that such foldings and 
crumplings occur on the grandest scale, 
the beds sweeping up and down in 
curves of enormous radius, and bending 
in and out in countless and most abrupt 
plications. This structure has been 
found to a greater or less degree in all 
mountain chains that have been geolo- 
gically examined; a fact to be carefully 
borne in mind, because the invariable 
presence of intense contortion in all ele- 
vated ranges throws, as we shall see in 

♦ Kougbly reduced from a photograph issued 
by the (Geological and Polytechnic Society of 
the West Riding of Yorkshire. 
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Chapter XI., great Kght on the theoiy of the process of 
mountain formation. 

The following terms are used in connection with the 
larger undulations. 

.^tiolinal and SynoUnal ; Bome and Basin. — When 
the beds have been bent into the form of arches, these are 
called AntidimU or Saddles^ and the hollows between them 
SynelimU or Tnmgh*, 



Fig. 69.— Maf of an Anticlinal. 


In both Anticlinals and Synclinals the lino in each bed, 
along which the change in the direction of the dip takes 
]>lace, is called the Anticlinal or Synclinal Axis of that 
bed ; and the planes containing all the axes of an anticlinal 
ridge or synclinal trough are called Axis planes. 

If the beds dip away in all directions from a centre, they 
are said to have a quaqm/cersal dip^ or to be domed ; and if 
they dip everywhere towards a centre, they have a centre^ 
clinal dipf or form a basin. 
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An anticlinal nms on as long- as its axes are horizontal 
or only gently inclined ; it is brought to an end when they 
begin to bend down sharply. A complete anticlinal con- 
sists of a long ridge terminated at each end by the half of 
a dome ; in fact, an anticlinal is nothing but an elongated 
dome. A synclinal, in the same way, is a lon^ trough with 
half a basin at each end, or an elongated basin. 

AnticHnals and synclinals are, however, often abruptly 
truncated by the dislocations known as faults. 

Anticliiij^ — ^A sketch map and sections of an anti- 
clinal ridge are given in Figs. 59, 60, and 61, the arrows 
showing the direction of the dip. In the southern part 
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of the map the bids are thrown off both to the oast and 
west from a centri.1 line or axis, as shown in tho section, 
Fig. 60 ; their out< rops wind about with the inequalities 



Fig. 61 . — Section along the Line C i> in Fio. 69. 


of the ground, but keep on the whole a northerly and 
southerly strike. On the east, owing to the smaller dip 
and the flatness of the surface, the outcry of No, 3 
is much broader than on the west side. Towards the 
north, however, the regular dip to either side becomes 
gradually exchanged for a dome-shaped bedding, the 
strata fall away in all directions, ana the anticlinal is 
terminated by a half dome, around which the easterly and 
westerly outcrops bend till they join one another. The 
second section shows this change in dip ; its southern part 
runs along the anticlinal axis, and the beds are therefore 
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flat, but towards tlie nortb they bend down, and the 
successive members come on one over the other, just as 
along the flanks of the arched area on the south. 

Dome. — ^As on illustration of dome-shaped bedding, or 



Fig. 62. — Geological Sketch-map op Simon’s Seat. 
Beale 1 inch to a mile. 


quaquaversal dip, I have chosen Simon’s Seat, a conspi- 
cuous hill in Wharf edulo, the structure of which has been 
kindly explained to me by my friend Mr. J. R. Dakyns. 



Fig. 63. — Section along tub Line A rs Fig. 62. 


Figs. 62, 63, and 64 show a sketch plan of the hill and two 
serous across it. The rocks of which it is composed are — 
5. Gritstone. (Top.) 

4. Shale. 
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3. Ghritstone. 

2. Shale. 

1. Ldmestone. (Bottom.) 

The beds, as shomi by the arrows on the plan and by the 
sections, dip away in all directions from a centre, aroxmd 
which their outcrops run in concentric curves. Thus in 
the middle we have a patch of No. 2 ; this is enclosed by 
a belt of No. 3, which is in its turn surrounded by a ring 
of No. 4. The outermost band, formed by the outcrop of 
No. 5, is not complete, a portion having been removed by 
denudation. The Limestone does not actually come to the 
surface in the centre of the dome, but it is brought up by 
a change of dip on the north-west side of the hill, and seen 
to underlie the Shale No. 2, and it must therefore form the 
great mass of the interior of the hiH. 


0548 2 84 . 5 



Fig. 64. — Section alo.no the Line C D m Fjo. 62. 


Very beautiful illustrations of domes are sometimes seen 
on the sea-ooast, when the waves have planed awajy^ the 
summit and laid bare a horizontal section perpendicular 
to the axis of the dome, A good instance occurs near 
Berwick-on-Tweed. The rocks consist of alternations of 
hard Limestones or Sandstones and soft Shales, and at 
one spot they have been thrown into a dome almost per- 
fectly circular in outline. The top of this has been Sneed 
across in the way just mentioned, and the concentric rings 
formed by the outcrops of successive beds are most dis- 
tinctly exhibited. The structure comes out with singular 
clearness, because the outcrop of each hard bed stands 
up above those of the softer measures on each side ; and 
thus there is produced a set of concentric circular low 
reefs, separated by grooves in which water remains after 
the fall of the tide haa laid all around dry. 

Synclinal and Basin. — case of a synclinal trough is 
shown in Figs. 65, 66, and 67, which are a map and sec- 
tions of a part of a long synclinal in North Staffordshire, 
known as the Goyt Trough. 

The general synclinal lie over the greater part of the 
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m&p is woU sliown by tbe bods 1 , 2 End 3, Trboso out- 
crops, in spite of windings due to inequalities in the 
ground, strihe persistently north and south, and which dip 
inwards on both sides towards a central axis, as shown in 
the second of the sections. The trough, however, is sub- 



divided by lesser undulations into several minor basins. 
The first section runs across one of these. Here the 
general easterly dip of the western half of the trough is 
exchanged about the centre for a dip to the west, and a 
smaller interior trough produced. The beds then roll 
over and resume their easterly dip up to a fault, beyond 
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which they put ou the westerly dip which 
prevails ^ong the eastern half of the 
trough. 

Another well-marked basin, in the centre 
of which a detached patch of the bed 6 
nestles, is seen towards the southern end of 
the map. The beds here, as shown by the 
arrows, dip on every side inwards towards 
a centre, and the outcrops run in concentric 
rings round the central area of the highest 
member. 

This trough is terminated on the south 
by a half -basin, the simple 6;^molinal lie 
being exchanged for inclinations to the 
north-east, north, and north-west, and the 
outcrops on either side wind round till they 
meet. 

Parallelism of Anticlinals. — It fre- 
quently happens that anticlinal ridges show 
a tendency to run rudely parallel to one 
another over large areas. 

Classes of Anticlinals. — Anticlinals 
may be distin^ished according to their 
transverse section into three classes, exam- 
ples of which are seen in Fig. 68, which is 
a general section after Professor H. D. 
llogers, across the Appalachian Mountains. 

fii the first class the beds on opposite 
sides are equally inclined to the horizon, 
and the axis plane is therefore vertical. 
This symmetrical form is common among 
gentle xmdulations of considerable width, 
such as are seen in the left of the section. 

In the second class the beds are more 
steeply inclined on one side than on the 
other, so that the axis plane is no longer 
vertical ; foldings of this kind occur in the 
middle of the section, and it vrill be noted 
that in all of them the steeper side of the 
arch faces the west. 

In the third doss the rocks are doubled 
under on the steeper side of the fold, so 
that the upper beds plunge down on that 
side beneath those which before disturbance 
lay below them. The axis plane here is 



Fig. 68.— Ge>*EHAL v^BCTION ACUORS the APrALACHIANS. 
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inclined to the horizon, but at a Bmaller angle than the beds 
oil tlie steep side. This form prevails towards the right 
hand of the section. 

These three forms are seen in the instance before us to 
pass into one another, and the theory of their formation 
will be touched on in Chapter XI. 

Inversion. — Instances of inversion of the beds, such as 
tliat which occurs on the steep side of the anticlinals last 
mentioned, are not uncommon, specially in intensely con- 
torted mountain regions. A simple case is shown in Fig. 
69, which is a section in the neighbourhood of Pembroke. 
There are three groups of rocks. 

3. Carboniferous Limestone. (Top.) 

2. Lower Limestone Shale. 

1. Old Bed Sandstone. (Bottom.) 

There is ample evidence in tlie neigblxmrliood that, where 


iS 1 2 3 .3 2 I 2 .3 JV 



Fig. 6y. ---Invekted Bkhs keab Milford Haven. 

Sc le inches to a mite. 

they have not been disturbed from their original position, 
the three groups lie one on the other in the order indicated 
above ; and they are found in their normal position on 
both sides of the synclinal trough on the south. On the 
north side of the anticlinal arch which follows, however, 
they have been so completely folded over, that the Old Bed 
Sandstone is at the top and Hie Limestone Shales and Lime- 
stone dip under it, so that an observer who had seen only 
this end of the section would be led by it to believe that tlie 
Old Bed was the uppermost and the Limestone the lowest 
of the three groups, whereas exactly the revei’se is the 
ea.se. 

A. case of more violent inversion is shown in Fig. 70, 
wliich is a section in the eastern part of the Jura.* The 

• Copied from Beitraege zur version, see Der Glamiscli, ein 
Geol. P^Tte der Schweiz, vol. iv. p^ohlem Alidnen Gebrigsbaues, 
For other cases of startling Br. A. Buidtzer, Zurich, 1873. 
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rocks wlien undisturbed, ae ^ 
at the northom end of the ■ 
section, occur in the follow- o*.. 
ing order : — 

7. Freshwater Marl. (Top.) 

6. Nagelfluh. 

5. White Jura Beds. 

4. Brown Jura Beds. 

3. Lias. 

2. Kouper. 

1. Muschelkalk. (Bottom.) 

On the south a very sharp 
fold occurs, by which the 
beds have boon thrown over, 
till the lowest member, the 
Miiscliolkalk, has come to 
lie at the top, and the other 
Bubdi visions appear be- 
neath it in an order exactly 
the reverse of the above 
table. Thc^ reader wiU real- 
ise the enormous amount 
of displacement and denu- 
dation necessary to bring 
about this result if he will “ 
endeavour to put the beds 
back into the position they 
must have had before the ^ 
folding took place. This 
has been done for a part 
of the section in Fig. 71, ^ 
where the letters ABC 
show what wms the original ® 
])osition of the points de- ** 
noted by the corresponding 
letters in Fig. 70. The five 
lowest gi'oups must have 
been to some extent folded ^ 
and denuded before the 
formation of the Nagelfluh 
began, because the latter 
does not everywhere rest 
on No. 5, but is at differ- « 
ent points in contact with 



A A 


Fig. 70. — lirVBllSIOIf IN THB JVBA* 
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Nos. 4, 3, and 2. On the surface so formed Nos. 6 and 7 
were afterwards laid down in horizontal beds, and Fig. 71 
shows what must have been the relative position of the 
several groups when this step of the process was com- 
pleted. Then ensued a period of disturbance, by which 
the contortion and inversion were produced. The nature 
of the displacement will be more fully seized on if we 
fix our attention on any one bed singly, say the band 
of Keuper to the north of C, This before disturbance 
was dipping gently to the north, as in Fig. 71. It must 
have been gradually tilted till it became vertical, and then 
actually dragged over so as to make it slope in a direction 
exactly opposite to that it had to begin with ; in fact, the 
angle through which it has been turned is very nearly two 
right angles. While this crumpling went on denudation 
was at work, and by its action the sheet of Nagelfluh 
and Marl has been carried away except that portion which 



Fig. 71. 

is squeezed into the middle of the fold, where it is pro- 
tected by the beds that have been bent over it. 

When we see these startling results as they are now, 
they look at first sight almost beyond reasonable explana- 
tion ; but if we try in imagination to put back the rocks 
into their original position, to follow them through the 
successive foldings they have undergone, and bear in mind 
at the same time how much has been removed by denuda- 
tion, we are able to realise some at least of the steps of the 
process, though the forces and the machinery by which 
the movements were produced may still be beyond our 
grasp. In Fig. 72, for instance, the dark portion repre- 
sents a section across a moimtain chain, on the flanks of 
which inversions are repeated over and over again. Cover 
over with a bit of paper cut to shape the lighter part of the 
diagram, and see w^t we could learn about the order of 
the bods from the darker part, that is from the mountain 
side as it now stands. Take only two b€ds, the dotted one 
and the one mark^ by a thick black line ; at the summit 
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the first overlies the second, a little way down they occur 
in the reverse order, and still further below they come back 
to their original relative position ; and these changes are 
again repeated lower down. In such a section no one 
could say which was top and which was bottom, and the true 
sequence of the beds could be ascertained only by following 
them to some district where they are less disturbed. 

And if we think only of what we can now actually 
see, that is, if we still keep the paper covering on, we 
are puz^zled to imagine how this repetition could have 
been produced. But if we take away the paper cover, 
we then see how matters stood before the ground had its 
present shape given to it, and our difficulties are mate- 
rially lessened. At one time the surface may have bei n in 
some such position as A B, and the rocks beneath it had 
been puckered up in a series of zigzag folds. Then out of 



Fig. 72. 


this block of ci-umpled strata denudation carried away 
everything down to the uneven surface C i>, and so carved 
out the moimtaiu chain. When we try to make out the 
structure of such ground we are at first bewildered, because 
we see only the portions of tlie folds that have survived ; 
but our difficulties vanish when we complete each fold by 
restoring the portion which has been carried away, and so 
are able to understand how what are now isolated portions 
of each bed were once connected. 

We have for distinctness’ sake spoken of the folding of 
the beds and the carving out of the mountain chain as two 
independent operations, tlie first of which was finished 
before the second began. In reality denudation was going 
on at the same time as the crumpling, but it continued to 
act after the latter process had come to an end, 

Outliar and Z^er. — Tilting and bending, combined 
with subsequent denudation, have often res^ted in fhe 
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production of isolated patches of rock, and of these there 
are two kinds, OuilierB and Inliers, 

In an outlier the detached mass is surrounded on aU 
sides by beds geologically below it, in an inlier by beds 
geologically above it. 

Instances of outliers are seen in Pig. 65, where three 
detached patches of the bod No. 5 occur in the northern 
part of the map, across one of which the section on Fig, 66 
is carried. Towards the south end of the same map a 



Fig. 73 . — Geological Sketch-map op Skvtunoslow. 

Scale 1 inch to a mile. Dotted Imee are (halts.] 

larger basin-shaped outlier of the bed No. 6 is seen, which 
is crossed by the section in Fig. 67. 

Again, in Fig. 98, tliero are two outliers of the bed (d) 
and one of the bed (5), 

An example of an outlier is given in Figs. 73, 74, and 75, 
which are a view, sketch-map, and section of a hiU called 
Hhutlingslow, a very conspicuous object in the moor- 
lands of North Staffordshire. The outlier, which is formed 
by the isolated patch of the bed No. 5, is very small, 
but the rock of which it is composed is a hard massive 
gritstone, and in consequence of this character it has 
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given to the summit an outline so bold and characteristic, 
Slat a tr^ed eye at once recognises from the shape of 
the peak its general geological structure. 

Outliers are the remains of a broad sheet of the rock, 
which once spread far and wide over the country, but the 
greater part of which has been carried away by denudation. 


Outlier Faulted Inlier 

of of 

^ 8 46432 1 2 123 



*nius, in Fig. 99, the outlier of the bed (^) on the hill to the 
right must once have been connected with the strip of the 
same bed which crops out along the flanks of the bill to the 



Fig, 75 , — View of Shutlinoslow 


left, as showh by the dotted lines; and the bed (<^), of which 
only two outliers remain was once equally extensive. 

In many cases the. dislocations called faults, which will 
be described in next section, have contributed to the 
formation of outliers. Thus in Figs.76 and 77 we have an 
outlier of the bed No. 5, bounded on the east side by a 
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fault, wMoh lias upheaved and brought in contact with it 
the lower bed No. 1. 

Inliers often result when beds have been thrown into a dome, 
and the upper part of it has been shaved off by denudation. 
In this way a rounded area of the lowest bed which reaches 
the surface is laid bare, and the bed next above mantles 
round it in a ring. Such has been the case in Simon’s 
Seat (see Fig. 62), where an inlier of the bed No. 2 occurs 



Fig. 76. — Geological Sketch-mai* of Ohich Hill. 
Softie 1 indi to ft mOe. Dotted linee Are fiiolte. 


at the top of the hill. Inlirrs of this kind were called by 
the older geologists ^‘Outliers by Protrusion. 

But faiuts have also had a share in the production of 
inliers. Thus, in Fig. 76, there is a small triangular area 
of the bed No. 1, overlaid on the north-east and south-east 
by the bed next above, and with the same bed brought 
against it by a fault on the west. 

Crich Hill in Derbyshire is a good case of a faulted 
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inKer. FIm. 76 and 77 ore a map and section of it. The 
patch of me bed (1) satisfies the definition of an inlier ; on 
the west and south-west it is bounded by faults, which 
have let down higher beds « 

against it, while to the j 

north-east it passes with i 

a regular dip beneath the | 

bed (2) immediately above ^ J L . • 

it. _ i 


SECTION IV.— FAULTS. 

Fociks have been sub- 

jeoted to still more violent p 

usage than the folding we y 

have already spoken of. In I S 

many cases they have been 1“ . ' ^ 

tom across by rents, and VTf^L 

the parts whidi were origi- r ,LjS ' jP pa 

nally continuous now lie at ij^rT — Pi ^ 

different levels on opposite ^ ^ 

sides of the fissure. ^ ifp g 

Such displacements are a 

known as Faulta, Tkraws^ ^ K [ v | 

Troubles j Heaves^ Blips^ and X ^ 

other local names are also ^ § 

applied to them. | g 

Fig. 78 is a section of a ^ 

group of Coals, Shales, and \ 

Sandstones intersected by ” rW*rW' r^f r ^ 

tw^o faults. ^ 

If we look at the fault V ^ 

on the right, we see that 

the measures on both sides r 

of it are exactly the same '** 

in number, thickness, and nlwFiT 

composition , but that on the kBSl pL p 

left hand thej^ are bodily in « t 

a lower position than on the 'SHJ'pf f 

right hand. This fault is ^ 

said to throw down, or to 9* ^ 

have a downcast, to the left. Similarly the other fault throws 

up in the same direction, or down to the right. The amount 

of the throw, or the size of the fault, is measured by the 

vertical distance between the ends of the same bed on 


m 
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opposite sides of the dislocation ; thus the dotted line AB 
the throw of the fault to the left in Pig. 78. The throw of 
faults varies from a few inches up to thousands of feet. 

Sometimes beds show little or no change of dip on 
approaching a fault, as in the section on Fig. 79. This does 


rkalt. Fault. 



Fig. 78. 


occasionally happen in the case of* faults of considerable 
size. More frequently, however, tho beds are steeply tiltod 
or violently contorted in the neighbourhood of a fault, as 



Fig. 79.— Fauli*8 vnaccompanied by DisxuuBANCJt OB Contortion. 

in the section on Fig. 80, The amount of contortion does 
not necessarily bear any relation to the ske of the fault, 
being sometimes very conspicuous where the throw is small. 

A fault is sometimes a single clean cut fracture, but it 
oftener happens that, as we draw near a large fault, the 
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beds are broken by a number of smaller dislocations, as in 
the section on Fig. 81 where we cross several suck before 
readiing the mam fault. These minor throws are fre- 
miently parallel to the main fracture. In other cases 
faults branch off at large angles from a main throw, and 
decrease rapidly in size as they recede from it till they die 



Fig. 80 . — CoNTOHTiiD Beds ix the NEiOHiioticHooD or a Faclt. 

out altogether. Fig. 82 is a groimd plan of a main fault 
and a group of associated smaller faults, some of whif^h 
are rudely parallel to the principal dislocation, and others 


Small Faults. Main Fniilt, 



Fig. 81 . 


branch off from it at various angles, while all show con- 
siderable changes in the amount of tlu’ow. 

The fissure of a fault is now and then narrow, clean cut, 
and of a uniform width. It oftener hajipens, however, that 
the walls of a fault are uneven, alternately approaching 
and receding from one another. The spaces thus formed 
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are filled up with fragmentfi of the adjoining rooks, mashed 
and jumbled together, in some eases bound into a solid 
mass called fault-stuff,” or faxdt-rock,” Where a fault 
traverses dayey rocks, its fissure is often lined by a layer 

of extremely dense, 
tough, leathery 
fault-stuff, called 
in some districts 
a * leather coat.” 
Now and then a 
fault is fUlod in 
with crystallised 
minerals ; and if 
among tliom me- 
tallic ores occur, it 
becomes a mineral 
vein. 

Slickenside. — 

The walls of a 
fault are frequently 
grooved and some- 
times highly po- 
lished, as if the 
rocks on opposite 
sides had ground 
against one ano- 
ther. Such mark- 
ings are called 
Slickensides, In 
many cases they 
are undoubtedly 
due to the cause 
just mentioned, 
and it often looks 
Fig. 82. as if the heat pro- 




Groimd plan of a main feult with branchcn and duced by the iric- 
piroUel feinltft. Main fault shown by a double hue. x* i-qJ -UoTr/rirl an A 
other £9iuli» by sing-le linea. Maih ikult bm a amall wOIi liaci DaKOu ailQ. 
cowH-mark placed on the down-cast aide, and the hardened the rock, 
amount of Ihe throw written alongrade in feet and j - r ^ 

inches. A cypher ia plao^ where a &ult dies out. aiKl COateu tXie 

walls of the fissure 

with a glazed lining ; in other cases a thin glaze of some 
mineral seems to have been deposited on the polished sur- 
face increasing its smoothness.* Surfaces maAed by slick- 

♦ See Journal of Boyal GheoL Quart. Joum. OeoL Soo. atxxi. 
Soc. of Dublin, x. p. 96. See also 1X1, 113, 386. 
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enside are often found traversing beds in ervery direction 
in the neighbourhood of a fault, as if the whole body of the 
rock had been shattered and the bits rubbed against one 
another by the motion which produced the displacement. 

Cases also occur where incuned beds have slipped upon 
one another and marked their faces with slickenside, and we 
may even see the faces of joints traversed by horizontal 
j>olished grooves, such as would be produced by horizontal 
motion and grinding. 

On approaching a fuTilt some rocks, especially Sandstone, 
lose their bedding and become shattered and traversed by a 
number of cracks roughly parallel to the plane of the fault, 
which are sometimes called Buttles*’ by quarrymen. 
Such changes, which are perhaps akin to cleavage, and the 
hardening often noticed adjoining a fault, point to pressure 
and other violent treatment dming the production of the 
dislocation. 

Kade of Faults. — Faults are sometimes vertical, but by 
far the l^irger number are inclined at different angles to the 
horizon, ^e inclination of a fault is culled its hade or 
underlie^ and is measured by the angle between a vertical 
plane and the plane of the fault. 

In almost all cases of inclined faults the hade or slope is 
towards the down-throw side: exceptions to this rule are called 

reversed faults.” Cases of reversal are occasionally seen, 
but many of them are probably more apparent than real, 
and caused by some temporary bend in the direc'tion of tlie 
fissxire. I have seen such a case, where the fault, on enter- 
ing a well- jointed bed, took the line of a joint with an 
opposite slope to its own, and so became for a short part 
of its course reversed, while if looked at as a whole it 
followed the general law. 

Genuine reversed faults are, however, said to occur in 
highly contorted districts.* 

Coiirse of FatQts. — The course of a fault is rarely, if 
ever, absolutely straight, but in the majority of cases faults 
show a tendency to run in straight lines ; sometimes the de- 
viations from a straight line are so small as to be scarcely 
noticeable, and in many cases, where they are quite sensible, 
there is still a general tendency to a rectilinear trend, the 
fault swinging first to one side and then to the other of a 
straight line which represents its average direction. The 
bendings in such a case are usually gentie curves, but oeoa- 

* See Prof. H. D. Bogers, Transactions Boyal Soc. of Edinburgh, 
xid. p. 443. 
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sionallj very abrupt zigzags.* Some faults, on the other 
handt are decidedly curved. 

Parallolism of Faults. — ^It frequently happens that 
the faults of a district can be divided into two systems, and 
that all the members of one system show a general tendency 
to run parallel to the strike, while tliose of the other 
system range roughly along the dip. The faults of the first 
system will be parallel to the longer axes of the larger 
folds in the rocks, and thus faulting and folding seem to 
stand in close connection, and to be only different results of 
the same process. A relationship between faults and anti- 
clinals is also pointed out by the fact that the one sometimes 
pass into the other. The sharpness of the bend gradually 
increases, till at last the tension became greater than the 
rock could stand, and fracture accompanied by relative dis- 
placement of the severed portions resulted.! 

Changes in Size and Dying out of Faults. — The 
amount of the throw of a fault very seldom keeps the same 
value for any long distance, and we will glance at some of 
the causes which produce changes in the size of faults. 

If a fault be perpendicular to the strike, its tlirow will 
remain the same as long as the beds on opposite sides of 
it have the same dip and strike. 

Changes, however, in the amount or direction of the dip 
will give rise to corresponding changes in the amount, and 
in certain cases in the direction, of the throw. Fig. 83 
shows a model which illustrates one way in which this is 
brought about. There is a bod of Coal shown by the thick 
black band, shifted by a fault A B C I). The measures 
overlying the Coal are supposed to be removed so that we 
see its surface. On the north side of the fault the bed dips 
steadily to the east, and its suidace is the plane B C E F. 
On the south side the bed has been thrown into a series 
of folds girfng it a wavy surface, A L K IT G M N 0, 
Between € and G the bed is lower on the south than on the 
north side, or the downthrow is to the south. The amount 
of tlirow, however, steadily decreases as we go towards 6', 

♦ See a very ja;?ged faulted t The Rivelin Valley, near 
boundary of the Carboniferous Bbeffield. furnishos an instance. 
Limestone on Sheet 8 1, 8. E. of the 8ee Memoir of the Geological 
one-inch map of the Geological Survey of Enghxnd on North 
Survey of England and Wales, Berbyslure and the adjoining 
and its description in the Memoir parts of Yorkshire, p. 67 *, also 
of the Geological Survey on North Geological Magazine, vi. 507* 

Derbysliire and the adjoining 
parts of Yorkshire, p. S3. 
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and at that point the bed is at the same level on both sides 
of the fault, or the fault has no throw. Between G and M 
the bed is higher on the south than on the north side, or 
the fault throws do\^T]L to the north. The amount of the 
throw increases to the west of G for a while, then begins 
to decrease, and at II again comes down to nothing. 
Between II and K the fault resumes its former southerly 





Fig, 83. — CiiANOBS IX THE Amount anu Direction op thb Thbow 
OF A Fault, peoduced by Change op Dip. 

downthrow, and at L another change in the direction of the 
tlu'ow occurs. 

The same result will evidently be produced when there 
are a number of branch faults springing out from a main 
fault. 

In the model in Fig. 84, the measures overlying the 
black bed are, as in the last figure, supposed to be removed. 



Fig. 84. — Changes in the Amount and Direction of the Throw 
OF A Fault, produced by Branch Faults. 

A B C D\^ the plane of a fault, and B C E F the surface 
of the bed on the north side of it. At C this fault throws 
down 100 yards to the south, so that on the latter side the 
Coal is found in the position D F G, F G II Kib the plane 
of a branch fault throwing down to the east 80 yards ; this 
fault does not aHect the on the north side of the maia 
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fatilt, but on the south side the bed is brought by it into 
the position K RL M; there is now only 20 yards differ- 
ence in the position of the bod on opposite sides of the 
main fault, or the throw of the latter is reduced to 20 yards. 
Still further to the west is another fault, L M N O, throw- 
ing up 10 yai'ds to the west, and bringing down the sisce of 
the main fault to 10 yards, l^astly, the branch fault, 
P 0 It Jt, throws up 40 yards to the w est ; by this fault the 
Coal is raised up Q ^ and is 30 yards higher on the 
south than on the north side of the main fault, or the throw 
of the latter is now 30 yards down north. 

In this way by a succession of steps a fault which throws 



down to the south 100 yaixls is changed into a fault with 
a downthrow to the north of 30 j^ards. 

It is easy to see that by proper adjustments a fault might 
be made to die out permanently in cases such as those just 
desmbed. In Fig. 83, 6uj>pose that the bed on the south 
side of the fault, instead of rising to the west of K at as 
steep an angle as in tlie figure, took the same inclination 
as it has on the north side. The bed would then be at K, 
and would continue to be to the west of at exactly tlie 
same level on both sides of the plane A B C i>, or the fault 
would disappear. The same result would be brought about 
in Fig. 84, if the throw of the fault A F Q B was 10 yards. 
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Mining operations constantly afford proofs of the < 
out of faults, and this must be brought about in some such 
manner as has been described. Frequently a large fault 
splits up near its termination into a number of branches, 
each of which gradually dies away. 

If the beds have a different strike on opposite sides of a 
faiilt, and the line of the latter is parallel to the strike on 
one side, its throw will necessarily vary in size. 


A 6 74. 7Z? 



Pig. 86 . — Section along the Line A B m Fig. 85. 

For instance, in the ground plan in Fig. 85 we have on 
the south side of the fault a persistent easterly strike and 
a dip to the north ; on the north of the fault the strike 
gradually changes from an easterly direction on the one 


C 6 712346 6 ID 



Fig. 87 . — Section along the Lias C I) in Fig. 85, 


side to a north-westerly trend on the other. The fault 
runs oast and west, or parallel to the strike of the beds on 
its south side. The consequence is, that, as we go to the 
west, we find the bed 7 brought against lower and lower 
members of the series, or the downthrow of tlie fault in- 
<irease8. The increase in size will be evident from coiu- 
j»aring the two sections A B and C D ; in the first the 
bed 7 is brought on a level with tlie bed 3, in tlu' second 
it has been still further let down so that it is on a level 
with the lower bed 1 . It is v orth notice that if we liad 
confined our investigations to the neighbourhood of the 
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line A By where the beds have the same strike on both 
sides of the faxilt, and the latter ranges along the strike, we 
should not have detected the existence of the beds 3, 2, 
and 1 ; and unless the fault had been actually seen, we 
might not have become aware of its existence, and might 
have supposed the beds on its south side passed under 4, 
instead of really l^dng a long way above that bed. 

Sffect of Faults on Outcrop. — It is very important 
that the practical geologist sliould clearly realise the effect 
which faidts have in shifting the outcrop of a bed. 

In Fig. 88 , A B CD Bis the surface of the ground, sup- 
posed, for simplicity's sake, horizontal ; G B L Hy the 
plane of a fault ; JD B L F, A K H Gy the i)Osition of 
the same bed on opposite sides of the fault, the measures 
overlying the bed being supposed to have betm removed. 
B I)y the intersection of the bed with the surface on the 



Fig. 88 . — Sbiftimo of ths OuTcaioF of a Bed bt a Fault. 


upcast side of tlie fault, shows its outcrop on that side ; 
but it is clear that after having been thrown down into 
the position A G B E ii wdU not reach the surface till 
some way to the left of B By such as at A G, That is 
to say, on the downcast side tho outcrop is shifted towards 
the rise. 

If we knew the angle of the dip, it is evident that, by 
measuring the horizontal displacement G By we could cal- 
culate the vertical throw of the fault. The smaller the 
dip the greater will be the amount of the shift, and the 
only case in wliich the outcrop will not be shifted is when 
the beds are absolutely vertical. 

If the surface of the ground be undulating, the displace- 
ments of the outcrop will become more complicated ; but 
the above rule will always hold good exce;^ when the 
ground slopes in the same direction as the be^ dip and at 
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a larger angle, when the horizontal shifting of the outcrop 
will be towards the dip. 

Miners use the term heave” to describe the horizontal 
displacement of an outcrop by a fault. Faults will heave 
not only beds but any other divisional planes traversing 
the rocks ; thus, if faults themselves have been formed at 
different times and cross one another, the one last produced 
win heave all of earlier date which are not absolutely 
vertical. Mineral veins are heaved” in a similar manner. 

It is, perhaps, in the ease of a group of mineral veins that 
the effect of a “heave” becomes most conspicuous. The 
whole of the rocks of a district appear in such a case to 
have been bodily shifted in a horizontal direction. But 
the reasoning just ^one through shows that there need not 
have been any horizontal motion whatever, and tliat the 
shift may be due to a displacement which was entirely 
vertical. If we know the amount of the vertical throw 
and the dip of the heaved bed or vein, we can calculate 
the amount of horizontal shift that would result ; and if 
the observed shift agrees with the calcidated displacement, 
the throw of the fault must have been altogether in a ver- 
tical direction. But it must not be assumed that the dis- 
placements produced by faults are always wholly vertical ; 
it is conceivable, nay, highly probable in those cases where 
the ro(^ks have been subjected to powerful horizontal com- 
pression, that horizontal motion may have taken place, and 
that beds may have been moved not only up and down, but 
also to and fro on opposite sides of a fault. 

Indirect Svidence for Faults. — ^We have sometimes 
the good luck to see faults in actual section, as in Figs. 79, 
80, and 81, which are all sketches from nature. But in 
many cases the geologist has to infer the presence of faults 
from circumstances connected with the lie of the beds wliich 
cannot be explained any other way. 

Thus the shifting of the outcrop of a bed is proof positive 
of a fault ; and by noting where the outcrops of successive 
beds ore broken and heaved, we got a series of points on 
the fault, and can lay down its line. 

There is anotlier way in which we are often enabled to 
infer the presence of a fault that is nowhere actually seen, 
which will be understood by a reference to Fig, 85. In 
the district of which that woodcut is a geological map, the 
j^oup of beds numbered 1 to 5 run up one after the other to 
the outcrop of the bed 7, and end off against it. Now this 
abrupt termination of the outcrops of the beds 1 to 6 maybe 
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produced in two ways : there may be a fault, as is actually 
the case in the instance before us, ranging along the lino 
where the outcrops are stopped off ; or there may be be- 
tween the ^oup 1 to 5 and the bed 7, what is known as an 
unconformity, meaning of which term will bo explained 
in Section v^I. of the present chapter. But if we are sixre 
there is no unconfornuty, then such behaviour of the out- 
crops as is shown in the figure can be explained in no 
other way than by a fault. 

We may also infer the presence of faults in cases such as 
the following, and, if we take due care, our conclusions 
may be as safely relied \ij)on as if we had actually seen the 
faidt itself. If from a study of sections we establish the 
fact that a certain bed, is always found beneath 
another bed, jB, and then find at any sjxot A dipping so as 
to abut against or pass over i/, and if hy no possible eontor- 
tioH or inversion B could he got to pass under Ay then there 
must be a fault between them. 

Figs. 89 and 90 will illustrate the line of reasoning pur- 
sued in such cases. If we go northwards from Filey Brig 
along the Yorkshire coast, we find a beautiful series of sec- 
tions in the cliffs, which show beds coming out one from 
under the other in the following order : — 

4. Sandy Limestone and Calcareous Sandstone. Coral- 
line Oolite. 

3. Blue Sandy Clay. Oxford Clay. 

2. Calcareous Sandstone. KeUoway Rock. 

1 . Sandstones and Shales. 

We follow the lowest division, and find it forming a 
series of headlands seen in the most distant parts of the 
view, and after passing those we enter the southern part of 
Cayton Bay, a sketch of whicli seen from the north is 
^ven in Fig. 89. The darkly-coloured promontories about 
the middle of the coast line are formed of the Sandstones (1 ) ; 
then comes a portion of the cliff more moundy in outline, 
where a thick mass of stony Clay descends to the sea-level 
and hides the bedded rocii from view. Between this ob- 
scure ground and the spectator rise the bold Lebberston 
Cliffs, which we recognise at a glance to be composed of 
our old acquaintances Coralline Oolite, Oxford Clay, and 
KeUoway Rock.^ 

* In tbe ftketch the 6rit is left and a dark bed of Kelloway Bock 
nearly white, tbe Oxford Clay sticks out at the bottom, 
light with streaks of bedding, 




Lebbenton CUS^ capped Grie^^horpe CUffa, clipped by 

by Coraliiue Oc»lite (4). Coralline OooUte (4). Filey Briff. 
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The dip is quite perceptible even from a distance ; and if 



we carry on the lines of bed- 
ding in the headlands beyond 
the clay-covered interval up to 
Lebberston Oiff, we see that, 
so far from the Sandstones of 
the former passing beneath 
the KeUoway Rock of the ^t- 
ter, as we found was the case 
in normal unbroken section 
jg. g to the south, they would, if 
fS Ihey retained the same ^p, 
§ g abut against the Oxford Clay. 
"I d The first question we ask our- 
V ^ selves is, whether the Sand- 
" H stones may not bend over ra- 
£ g pidly to the north beneath the 
^ ^ clay-covered ground, then re- 
^ sume their old dip, and so come 
g g into their proper position be- 
I I neath Lebberston Clifi' ? liut 
W g we can detect no symptoms of 
^ the abrupt changes of dip re- 
H ^ quired by this supposition, 
^ S and, what is more, when we 
J ^ test the idea by actual mea- 
2 surement, we &id that hy no 
8 I how&oer abrupt could the 

§ <3P whole thickness of the group (1) 
^ ^ got in between the points where 
^ ^ the clean-cut sections on the north 
, ^ and south terminate. 

• 3 ^ One explanation alone re- 

12 mains, namely, that the rocks 

of Lebberston ClifP have been 
let down against the Sand- 
stones by a fault, and we ac- 
, eordin^y construct our section 

as in Fig. 90,* and restoring 
by the dotted lines the parts 
which have been carried away 


• It will be observed that the up by the etony day already 

deep hollow on the section to the mentioned, which caps all the 

SOU& of Lebberston diff does distant cliffs, but is omitted in 

not exist in the view. It is filled the section to avoid oonfosion. 
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by denudation, we find that the fault brings the base of 
the Kelloway Itock just on a level with that of the Coral- 
line Oolite, or that its throw is equal to the combined 
thickness of the Oxford Clay and Kelloway Bock. 

Evidence as complete as that just given may be always 
safely accepted as unquestionable proof of faulting ; but the 
observer must be on his guard against jumping too hastily to 
conclusions in such cases, and must not call in a fault to help 
him out of a difficulty till he has thoroughly satisfied himse^ 
that the relativeposition of the beds can be explained in 
no other way. Where a fault is only one way out of several 
of explaining observed facts, it may yet be the best way 
and its presence highly probable ; but the observer must 
endeavour to obtain additional evidence sufficient to put 
the question beyond reasonable doubt before adopting a 
fault as the final solution. 

SECTION V.— HOW THE DISPLACEMENTS OP THE 
ROCKS WERE PRODUCED. 

Such is an outline of the displacements which rocks 
have undergone. We may next inquire how they were 
produced, and this inquiiy naturally falls under two 
heads,* The first is purely geometrical, and asks what 
was the kind of motion by which they were brought about ? 
The second is mechanical, and inquires what were the 
forces that caused that motion ? The first question may 
be treated of here, the second falls to be considered in part 
in Chapter XI, 

Character of the MoveinentB. — It is evident that the 
movements to which uplifting and tilting were due cannot 
have gone on eveiywhere to the same extent. Bocks have 
been raised higher and more violently disturbed at some 
spots than at others. The next question is, was the dis- 
turbance sudden, and confined to certain lines or centres, 
BO that the rocks were snapped and raised at a bound into 
the positions they now occupy ? Or was the displacement 
widespread, and varying continuously in amount from 
place to place, so that it reached a maximum along certain 
lines or around certain centres, and died away gradually as 
it receded from them ? 

Experience is against the first supposition ; for, although 

* Correfiponding to the two ice, or the scieuee of motion and 
sabdivisions of the mechanics of the science of force, 
motion, Kinematioe and Dynam- 
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there are instances of sudden and local upheaval produced 
bj eai^thquakes, by far the larger number of the cases of 
oscillatioii that have been observed extend over large areas^ 
and vary in amount and direction continuously. 

What is more, connected observations of the lie of rocks 
over a large area furnish evidence of the strongest kind 
in favour of the second supposition. Isolated measure- 
ments show us beds dipping here in one direction at one 
angle, and there in another direction at another angle. 
Now, suppose that, when wo have amassed a siifficient 
number of such observations, we endeavour to determine 
from them what must be the underground course of the 
rocks in order that they may come out at each spot where 
they are seen with the observed dip and direction, and so 
to arrive at a general view of the geological structure of a 
country. Whenever we do this, we find that we can 
account for the observed facts only on one supposition, and 
that is, that il\e rocks have been folded into a series of trcmghs 
and archeSy or throivn into domes and basins. This is th<:> 
great general law which governs everyv'here the arrange- 
ment of the disturbed portions of the earth’s crust. 

Faulting, or violent contortion and inversion, often com- 
plicate and obscure this structure and interfere with its 
symmetry, but never to such an extent as to prevent its 
being recognised as the great leading feature in the 
arrangement of the rocks. Disturbances such as these 
last are therefore of the nature of accidents, and if we 
eliminate them, and try to form a broad general view of 
the lie of the beds under a large area, it is the structure 
just mentioned that invariably comes 

We may say, then, that wherever we find beds inclined 
to the horizon, we are somewhere on the slope of an anti- 
clinal; and wherever the beds of a ro(ik group that has 
undergone disturbance lie flat, we are on the crest of an 
anticlinal, or at the bottom of a synclinal, or on one of the 
horizontal portiofis of the minor bendings that are ever 
occurring here and there in the sweep of 3ie grand curves. 

Whatever may have been the forces to which this 
arrangement has been due, it is quite evident that the 
movement which produced it cannot have been local, hut 
must have prevailed as universally as the folding itself ; 

♦ It ifl hardly possible for any the grounds on which this asser- 
one, who has not gone through a tion is based ; but every geolo- 
course of practical geolo^cal wt of experience soon comes to 
work in the field, to realise fully find out the truth of it. 
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and the generally regular character of the result shuts out 
completely the idea of a violent, convulsive action, though 
faulting and contortion point to concentration of energy 
around the spots where they occtu*. 

All the observed facts, therefore, are decidedly in the 
teeth of the first solution, and strongly in favour of the 
second. 

Folding would produce both Elevation and Dip. — 

Folding such as we have described, of course, necessarily 
involves tilting, and all the dilferent forms of inclination 
whicih have been described as occurring in nature. And it 
is clear that it would also produce both elevation and 
depression, the one when portions of the earth^s crust are 
carried aloft on the summits of arches, the other when 
portions are sunk into troughs ; and it is highly probable 
that tlie great leading physical featui’es of the globe were 
in the first instance marked out by movements of this 
characd:er — that mountain chains follow lines of sharp 
crumpling, continental areas repose on the summits of 
broad arches, and oceanic depressions run along wide 
troughs.* But the reader must not jump to the conclusion 
that all hill ranges coincide with anticlinals and all valleys 
with synclinals. We shall see in the next chapter that in 
most ceases the reverse of this is true, and that the 2)re8ent 
surface of the ground is largely due to denudation — acting 
i\diile the folding was going on, or after it was finished — 
which has immensely modified the forms that would have 
resulted from elevation alone. 

Direction of the Folding Force. — Our next inquiry 
is, in wliat direction did the force act which brought about 
the foldings and displacements that have been described 
in the preceding pages ? 

There are two peri efitly distinct methods by which these 
results might be produced. The very word elevation sug- 
gests the notion of a force that acted from helow vertically 
upwards. In order to produce folds all that is necessary is 
that this force should not act with equal intensity over the 
area affected by it. Along anticlinal lines it must be at 
a maximum, and it must gradually decrease in intensity 
from there down to each synclinal line, along which it 
must have its least value. The way in which an action of 
this sort would produce elevation and folding is shown in 
Fig! 91. 

* Some objectionB to the last two statements will be noticed in 
Chapter XI. 
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Let JP Q be the surface of an undisturbed bed, and let 
a force tending to raise the bed vertically upwards be 
exerted from beneath in the direction of the arrows ; let A 
and B be points where the force has maximum value, C 
an intermediate point where it is at a minimum. Then, 
while A and B are raised to a and hy C will only reach to 
a less height, <?, the points PA C B Qy will be lifted 
into some such positions p a c h and two anticlinals 
with a synclinal between them will be formed. 



Fig, 91. — Foldwg pRonvcEn by Vertical Up-thrust. 


But all the results we have been considering might also 
be equally well produced in the following way. 

Suppose the bed ^ ^ to be subjected to a hori%ontal 
thrust acting in the direction of the arrows in Fig. 92. Tlie 
effect would manifestly be to crumple it up into the 8hai>e 
a c d eh, and we shcMd again get a series of onticlinds 
and synclinals. 


€ 

Fig. 92. — ^Foldiho produced bt Horizontal Thrust. 

We have to choose, then, between those two explanations, 
and to adopt as the most probable the one which accounts 
for the greatest number of observed fac'ts. 

Now as far as the formation of symmetrical arches and 
troughs, like those in Fig. 91, goes, one way is as good as 
the other ; but when come to anticlinals where the rocks 
are doubled imder on the steeper side, to complicated eon- 
tortions and puckerings, and to the inversions which are 
their results, vertical upheaval is manifestly quite unable to 
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produoG these, while on the other hand they are just the 
lorms that woiild result from lateral thrust. It is impossible, 
for instance^ that the arrangement of the beds in the section 
across the Appalachians in Fig. 68 could have been brought 
about by a force acting verticSly upwards. There, not only 
are some of the arches tmsymmetrical and some tilted over, 
but in the first the steepest sides all face the same way, 
towards the west, and in the second the tilt has been in 
every case in the same direction. We also notice that the 
sharpest bends are at the eastern end, and that the folding 
grows gradually less sudden, and the curves open out as 
we go towards the west. These are just the results that 
would follow if a group of horizontal strata were crumpled 
up by a powerful thrust which acted from east to west.* 

At the east end of the section, then, there can hardly be a 
doubt that horizontal pressure and not vertical upheaval 
has been the producing cause ; and there is such a gradual 
passage from the violent disturbances of that end into the 
more symmetrical folds of the western end, that we must 
edmit that whatever caused the one must also have produced 
the other. 

Evidence like this — and sinailar cases might be brought 
forwetrd without number — ^is strongly in favour of the 
second explanation. 

Another test that readily suggests itself is this. In Fig. 
91 the bed A B must be pulled out to bring it into the 
position a ch\ m Fig. 92 it must be compressed. If, then, 
we have any moans of learning whether folded strata have 
been stretched or compressed^ we shall make some way 
towards deciding between the rival hypotheses. 

We may first consider whether the amount of stretching 
required by the hypothesis of vertical upheaval is such as 
we can reasonably suppose rocks capable of. 

In the case of broad open arches and basins perhaps no 
difficulty would arise on this ground ; f but where rocks 
have been sharply bent into folds which follow one another 
in rapid succession, they would have to be pulled out to 
many times their original length to bring them into their 
present shape. Even supposing rocks as extensible as 

» Silliman’a Journ., Ist series, scale across districts where they 
zlix. 284. occur, such as Horizontal Sec- 

t The reader will realise how tions, Sheets 77 and 79 of the 
▼ery slight is ffie curvature of Q-eologioal Survey of England 
broad basins and arches by con- and Wales, 
suiting section drawn to a true 
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india-nibber, increase in length must be attended by a 
eon'esponding decrease in tliiokness, and therefore a group 
of rocks, when sharply folded, ought to appear to be more 
thinly b^ded than in their undisturbed position. But if 
we take a group of rocks which lie undisturbed at one 
spot, and are violently contorted at another, we do not find 
the beds thinner at the latter than at the former. In 
reality, however, rocks are only slightly extensible, and it 
is utterly put of the question to suppose that they could 
possibly have been dragged out to the extent necessary to 
bring them into their present form by vertical upthrust.* 

No such difficulty accompanies the squeezing hypothesis: 
a band of rock, which when horizontal was, say, a mile 
long, is forced to occupy a smaller space, say, three-quarters 
of a mile, and the only way in which this could be done is 
by puckering it up into folds. 

Again, the phenomena of cleavage go altogether in favour 
of lateral thrust. All (leaved rocks are strongly contorted, 
and the pianos of cleavage are parallel to the longer axes 
of the great folds. Now the structure of cleaved rocks 
givCvS proof positive that they have been compressed in a 
direction perpendicular to the cleavage jdanes, or, what is 
the same thing, to the axes of the fohls. Lateral pressure 
therefore has acted on cleaved rocks, and it has acted 
cxaetlif in the right direction to produce the existing folds. 
WTien we see that the rocks have been folded, and when 
we know that they have been acted on by a force competent 
to produce that folding, we cannot refuse to believe that 
the one has been the cause of the other. In the case of 
(leaved rocks, then, it is as nearly as can be a certainty 
that they were bent into their present form by latertd 
pressure. 

The late Mr. W. Hopkins was one of the ablest sup- 
porters of the vertical upheaval theory, and his papers f on 
the subject are still well worthy the attention of the student 
of Dynamical Geology, though many of the geological 
opinions which he held have been long since given up. 
Ho tried to get over the objections stated in the last few 
pages by pointing out how contortion, and faults as well, 
might result from vertical upthrust. He supposed the 

♦ See a very ingenious paper, f Hesearohes in Physical Geo- 
on the stretching which has taken logy, Cambridge Phil. Trans- 
f)lace in disturbed rocks, by Mr. actions, IS35 ; Report on Earth- 
R. L. Jack, Geological Magazine, quakes and Elevation, British 
viii. 388. Association, 1847. 
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uplifted area to be acted on underneath by a force, such as 
would be produced by the expansion of a body of highly 
heated elastic vapour, and determined by mathematical 
calculation what would be the direction of the rents formed, 
when the rock was stretched up to the breaking point, 
and fissuring took place. He found that in a rectangular 
area two sets of parallel fissures would be produced, and 
tliat the common direction of one set would be perpen- 
dicular to that of the other set. 

Now suppose A B C D, Fig. .93 to be a cross section of 
one of the arches which has been fractured along the lines 
B Fy G Hy K Ly M then the pressure on these parts, 
such as G H L Ky wliieh are broadest below, would be 
p'cater than in such E F G M; the former would there- 
lore be driven upwards, the fractured portions would be 
forced into some such positions as in Fig. 94, and faults 

ABB K NO 



B F G L M D 


Fig. 93. 

would be produced with a Imd-e to the downthrow sidoy as is 
the general rule in nature. The same result would follow 
if elevation went on till the cracks gaped ; for then it would 
be the wedges, such E F G JFZ, which have their nar- 
rowest ends downwards, that would sink. As far as faults 
go, then, the explanation will do well enough, and Mr. 
Hopkins has pointed out that, at a future stage of the 
process, contortion as well might be produced in the fol- 
lowing manner : — Suppose that, when the rocks had come 
into the position shown in Fig. 94, the elevating force 
ceased to act, and the shattered mass settled down ; a 
horizontal thrust would then be produced, which would 
increase indefinitely as the arch flattened. The broken 
portions would be jammed against one another and their 
beds crumpled up and contorted ; it snight also well hap- 
pen that a wedge like EFGH would be forced 
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by the nip of the two adjoining masses, and in this way 
reversed faults f such as accompany violent contortion, might 
result. 

In this way faidts might be produced, and their direction 
and hade would be the same as in existing faults. Some 
degree of contortion might also be brought about. But 
the machinery would hardly be able to effect the amount 
of widespread and complicated contortion so frequently met 
with, specially in mountainous districts,* nor to pr^uce 
cleavage over areas himdreds of square miles in extent. 
We can scarcely conceive portions of the earth’s crust, 
large enough to produce these results, being tilted bodily 
over in the manner this explanation requires. In fact, 
while Mr. Hopkins has clearly realised that contortion in- 
volves horizontal thrust, the means he proposes for gene- 
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Fig. 94. 

rating that thrust seem inadequate to produce it over areas 
sufficiently large. 

Faults then might follow from vertical upthrust ; it is not 
so easy to see how they would bo produced by compression. 
Pressure would, it seems at first sight, have a tendency to 
close up any rents that existed rather than to open new 
ones ; and even supposing fissures were produced and the 
rocks on opposite sides of them displaced, the motion would 
be in such a direction that a ‘‘reversed” fault would 
be produced. For let A CB ac b (Fig. 95) be an arched 
stratum traversed by a fissure, 2) C, P the direction of the 

* Somewhat similar objections produce crumpling enough. Mr. 
apply to an explanation put for- Wilson's explanation of the cause 
ward by Hr. Wilson in the Geol. of faults is substantmlly the i 
Magazine, v. 207 ; his figures aa that given above, 
show that his method would not 
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cnimplinff force ; then it is dear that, if P is approxmately 
horizontel, its resolved component parallel to (7 Z) will tend 
upwards from I) to C, and the portion A C e will be 
pushed up, a displacement which would give rise to a 
reversed fault. 

It certainly looks as if stretching were necessary for the 
production of fissures, and as if the law, that a fault always 
hades towards the downcast side, could only be accounted 
for on the supposition that the depressed rocks had slid 
dmm the incline of the fissure. But the great weight of 
evidence against vertical upheaval prevents our accepting 
that as the cause of the stretcliing. 

And stretching would in the end result from lateral 
pressure if the process were carried far enough. As long 
as the length of the arc A C B did not exceed that of the 
bt)d in its unbent state there would be no stretching ; but 
as the underlying rocks were gradually arched up into the 



Fig. 95. 

space a c h, they might prevent the points a and h approach- 
ing one another, and still tend to drive the crest of the arch 
higher up, and their upward motion could go on only by 
means of the stretching, and at .last rending, of the upper 
layers of the arch. This would give fissures, and we may 
imagine in a vague sort of way that the severed portions of 
the arch might get displaced relatively to one another in 
various ways. The displacement might be due to lateral 
pressure, in which case we have seen the faults would be 
reversed ; it might be due to portions being forced up by the 
upward motion of the interior of the arch, in which c€tse 
there seems no reason why the hade should be towards one 
side rather than the other ; again, at a considerable depth 
the pressure would probably heat the rooks till they became 
plastic or half melt^ and portions of the shattered upx>e(r 
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part miglit sink down into tlie soft bed, in wbicli case the 
fault would have the normal hade. It is impossible, how- 
ever, to delude oneself into the belief that lame and crude 
explanations Hke these are satisfactory ; probably we have 
yet very much to learn about faults before we can frame a 
theory which will account on mechanical principles for 
their production and the law of their hade. 

Summary of the Svidence. — ^The evidence, then, by 
which we must decide between vertical up>thru8t and lateral 
pressure stands os follows. 

Tilting and symmetrical folds would result equally from 
either. Vertical upheaval is capable of giving rise to faults, 
and indirectly to some degree of contortion ; and in the 
faults i)roduced in this way the observed law of hade would 
generally prevail, those faults only being “reversed^’ 
which accompany great contortion. But no vertical up- 
heaval could bring about the widespread and excessive 
crumpling which so constantly j)ro8ents itself, while this is 
just the arrangement that would follow from lateral thrust. 
Further, the amount of stretching required by the hyp>o- 
thosis of vertical updioaval is far greater than can be 
admitted. Lastly, cleavage fiimishes proof that rocks have 
been subjected to just the very jiressure requisite to bend 
them into the folded forms they have assumed. The only 
displacements we cannot thorouglily expdain by moans of 
compression are faults. 

\^^le, therefore, some of the observed facts can be 
accounted for equally well on either hyj)othe8i8, there are 
many which compression alone could p)roduce ; indeed, the 
only one of which the latter fails to furnish a perfectly 
satisfactory explanation, is the direction of the hade in a 
normal fault. The present state of our knowledge, there- 
fore, decidedly tends to make us lean to the side of lateral 
thrust as the kind of force which has produced tlie dis- 
placements we are considering ; and to believe that, since 
the balance of evidence is so enormously in its favour, 
increased knowledge will remove the only bar that now 
exists to its being accepted without hesitation as a full and 
perfect explanation of the cause of these displacements. 

But the problem is far from solved. Numerous weak 
points in the explanations given will occur to the thoughtful 
reader ; and in truth we can so little realise the conditions 
under which the process of contortion went on, that the 
best explanation we can arrive at must necessarily be 
incomplete in particulars. 
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What gave ri^e to lateral thrust is a question that falls 
to be considered in Chapter XI. 

Folding went on at great depths. — A very little 
reflection will convince us that rocks were not bent into 
their present shapes near the surface, but that when the 
process went on they were buried beneath a great thick- 
ness of strata, which has since been carried away by 
denudation. 

In the first place we have positive proof that all folded 
rocks have suffered largely from denudation. The archeft 
are never complete, but truncated by the removal of por- 
tions of the upper beds. Almost any of the sections in this 
chapter show this, and in Figs. 99 and 105, the missing 
jjarts are some of them indicated by dotted lines. Faults tell 
the same tale ; their course would be marked by lines of 
vertical cliffs, formed of the beds upheaved on the upcast 
side, if it had not been that these have been swept away 
by denudation, and the surface pared down to a level. 

And, indeed, it is on such a supposition alone that we can 
understand how rochs could have been bent as sharply as 
they have been without fracture. That they were con- 
solidated in many cases when they were bent is certain. 
Thus Sir H. De la Beche points out that in Pembrokeshire 
a thick mass of Limestone — ^the Carboniferous Limestone — 
and a great deposit of overl^dng Shales and Sandstones — 
the Coal Measures — share in the same contortion, whicli 
therefore could not liave taken place till after the deposition 
of the latter. But during the time and under the circum- 
stances necessary for the accumidation of the upper group, 
the Limestone, if it ever was soft, must have become 
perfectly consolidated. 

Of the contortions shown in Fig. 58, Mr. Miall remarks, 
^‘The angles are sharp, but imbroken. You may easily 
test this by i)as8ing a huger over one of the bends. There 
is neither crack nor vein.” And he disposes of the ex- 
planation that the rock was in an unconsolidated state 
when it was bent, by pointing out that some shells and 
corals preserved in it, which were certainly not originally 
plastic, are distorted by the folding. 

With the view of throwing light on the origin of contor- 
tion, Mr. MiaU carried on a series of ingenious experiments. 
He succeeded by means of pressure applied padually for 
some length of time in bending tbin plates of Limestone, but 
the bent slabs always cracked soon after the pressure was 
removed : this difficulty was partly overcome by embedding 
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the pieces operated on in pitch. He very justly remaris 
tliat the frequent destruction by spontaneous fracture of 
bent plates, when removed from the machine, seems to 
imply that an indefinitely protracted and unif onrJy contort- 
ing force is needed to produce unbroken curvature ; that 
resistance on all sides diminishes the risk of fracture ; and 
that the results attained serve to strengthen the opinion 
that imbroken antidmals and synclinals are formed only 
under a considerable weight of superjacent strata. ♦ These 
experiments certainly seem to show that, if solid rock is to 
be contorted without fracture, there must be something to 
hold it together while the bending is going on ; and the 
necessary force of restraint would be supplied by the 
weight of a mass of overlying measures. In Sir James 
Hall’s well-known illustration of conioit:ion,t a number of 
layers of cloth were laid on a table and prf‘S8ed together by 
boards at either end. In tliis way they were forced into 
folds closely resembling the shaiq) contortions of roths. 
But it was necessary to load them above by anotlier board 
canying a heavy weight, and this represents the mass of 
overlying strata, which must have been present when rocks 
were undergoing folding. 

We saw reason, when considoi’ing the phenomena of 
raetamorphism, to believe that the process went on deep 
beneath the surface. Now Mctamorphic rocks are almost 
always highly contorted. Wo have here, then, another 
reason for believing that the rocks were deeply buried 
when contortion was prodiiced. 

Folding went on Slowly. — If the conditions under 
which the rocks were contorted were at all similar to those 
by which Mr. Miall obtained his results, the bending must 
have gone on very slowly. Some experiments by Professor 
Thurston, of the Smithsonian Institute, also point to the 
same conclusion. He found that if iron, wliieh had been 
forcibly bent close up to the breaking point, was kept bent 
by pressure for seventy-two hours, it showed no tendency 
to return to its original form, but acquired a permanent 
set ; ” and, what is still more to our purpose, it then became 
(capable of further bending.J 

^ Greological Magazine, vi. p. Edinburgh, vii. 85 ; Lyell’s Ele- 
605 ; ProcSoedings of the Geolo- . ments, 6th ed. p. 50. 
fiscal and Polytechnic Son. of the J Journal of the JVanklin Ineti- 
West Biding of Yorkahire, new tute, Jan., 1874. I am indebted 
^ries, Pait I. (1872); Popular to Mr. R. Hunt for calling my 
Science Review, Jan., 1872. attention to thia paper. 

t TraniBactiana Royal Soc* of 
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We can realise from these experiments how by a repeti- 
tion of small bendings rocks, apparently the most inflexible, 
could little by little be folded into the sharj)e8t imaginable 
curves. 

Analogy leads us to the opinion that faults were not 
produced at one jump, but by a succession of small dis- 
placements. 

Contortiona more frequent in Old than Becent 
Hocks. — When touching on the consolidation of rocks, it 
w as noticed that as a general ride the older rocks w^ere the 
more completely consolidated ; and it was pointed out that 
this was the case simply because they were older, and for 
tliat reason had been oftener and for longer periods sub- 
jected to the action of the forces w hich produce solidification. 

A similar statement holds good for contortion ; it prevails 
most largely, as a general rule, among the older rocks, 
and exactly tlie same explanation ai)plies as in the case of 
eonsolidation. 

In the cfirly days of Geology this fact was held to prove 
that contorting forces acted more energetically during far 
distant periods of the earth’s history than at present. But 
it is clear that the facts do not warrant this inference, and 
fhat they can be explained just as wxh in the manner just 
stated. 

In the same way, when we see an old man more broken 
than the generality of young men, we do not infer that the 
wear and tear of life has nocM^ssarily been greater than 
usual in his case, but only that he has been exposed to it 
longer. 

It is not intended to assert that there never was a time 
when the forces tending to produce contortion were more 
vigorous than now. Indeed, if there be any truth in the 
gimerally received view of the earth’s early history, this 
must have been formerly the case. But it is not the greater 
solidity and excess of contortion in the older rocks that lead 
us to such a conclusion, but reasons that will be explained 
further on. 

SECTION VJ.— UNCONFORMITY AND OVERLAP. 

Wkat constitutes Unconformity. — A question of para- 
mount impoitancjc in geological investigations may be con- 
veniently treated of here. It sometimes happens that in a 
gToup of stratified rocks the beds come on, one over the 
otlier, each with the same dip as the bed next below it ; 

c c 
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any contortions or faults affect all the beds alike, and the 
same general dbrcumstances of lie and position pervade the 
group from top to bottom. Such an assemblage of beds 
forms what is known as a Chnformahle Group. 

In other cases, in working our way across the rooks of a 





Fig. 96. — Sbction bhowiko UxcoNFomfims aocomfancbi) by 
Ghanob of Dip. 

491 . SOwian Schists. 

PnddingBtone, oantaining pebbles of a. ■> 

c. Shales and Sandstones, with thin beds of Anthmdteli t^arbonirerons. 

Sandstone ) 

f. Magnesian limestone ) 

d. Igneous dyke. 

country, we find perfect conformity to prevail for a certain 
distance, and are then suddenly brought up by a decided 
break in the order of succession, and of such breaks we 
readily distinguish two kinds. 

In the first case there is a sudden change in the dip and 



Fig. 97. — Section showing Unconfohmity vnacoompanieb by 
Change of Dip. 


strike, or in one of them. An instance of this kind is 
shown in Fig. 96.^ On the right we have steeply inclined 
beds of Scliist dipping towards the right ; on the edges of 
these there rests a group of Shales and Sandstones less 
steeply inclined and sloping in the opposite direction; 

* Taken from Qeaeral de la Marmora’s Voyage en Bardaigne^ 
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these latter are capped by beds of Sandstone and Idine* 
stone lying perfectly flat* The different members of each 
of these three groups are perfectly conformable to one 
another, but in passmg from each group to the one next 
above it we encounter an abrupt change of dip. 

In the other kind of break all the beds have the same 
dip, but they can be separated into two groups, the upper 
of which rests on a worn and uneven surface of the lower 
or abuts suddenly, without a faulty against a slope or cliff 
formed of the latter, A case of this kind is shown in the 
diagram in Fig. 97, where the upper finely-bedded rocks 
lie in a trough, which has been worn out of the lower 
dotted group. 

Meaning of XTnoonformity. — ^The occurrence of a break 
of either of these kinds is caUed an Unconformity y and the 
^oups of strata separated by unconformities are said to 
be unconformaible to one another. 

Such are the observed facts, and our next business is to 
ask what they mean, and what are the events by which 
they were brought about. 

Turning to Fig. 96, we know that the Schists {a) at one 
time lay fiat at the bottom of the sea in which they were 
dei> 08 ited. They liave been tilted from their horizontal posi- 
tion, and, as they rose, denudation pared off the edges c»f 
the strata and produced the surface on which the bed {b) 
rests. 

And all this must hme been done before the deposition of the 
next group of rocks began. The tilting and denudation took 
time to effect ; in many cases a very long time would be 
required for the removal of the amount of rock which we 
can prove must have been carried away. 

The unconformity, tlien, we are now looking at is a proof 
that an interval occurred between the deposition of the two rock^ 
grotips which it separatesy and that during that intcrtal no 
iivpoHition of rock went mi at the spot where the unconformity 
ovcars ; or that if any rocks were formed then'c during that 
interraly they have been entirely carried away by dmudation. 

We shiiU see by-and-by that the different rock-grou])s of 
the earth’s crust are iu reality so many volumes in wliic h 
is written an account of some of the events that went on 
during their fonnation; and, pursuing the metaphor, we 
may say that, wdiere an unconformity occurs, there are 
certain of these volumes missing, and that there is conse- 
quently a blank space in the chronicle. But just as an 
historian^ when his investigations are checked by cominsr 
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across an imperfect copy of a urork, is sometimes enabled 
to make good the defect by going to another libraiy and 
reooveiing there the missing pages or volumes ; so the 
geologist, when he finds at ono spot an unconformity and a 
corresi)on(iing break in the chain of events he is endeavour- 
ing to trace out, may sometimes pick up some of the lost 
links in other (quarters, whore the deposition of strata 
has gone on with less interruption. This is the case in 
the Sardinian instance. The bottom rocks are known, by 
tests which will be described further on, to have been 
formed at the i^ame time as ccirtain of the slaty rocks of 
North AVales, aiid the overlying group is of the same age 
as the beds from which we in England di*aw our supplies 
of Coal. Now with us between these two groups of rcaks 
there intervenes a great mass of strata known collectively 
as the Old lied Sandstone, the formation of which went on 
during the intexv^al which is represented only by an nncfon- 
formity in the Sardinian series. The section of the latter 
shows us that the deposition of two groups was separated 
by an interval, it tells us thus much and no more ; from a 
study of English Geology we learn what was ^oing on else- 
where during that inten^al, and infer that it was of con- 
siderable duration, because it allowed time enough for the 
accumulation of a vast thickness of strata. 

Exactly the same remarks apply to the unconformity 
between the middle and upper grou|)s of the section before 
us ; and here again the rocks wantmg in Sardinia are to 
be found in England and other parts of Europe. 

In the second kind of unconformity the lower group has 
not been tilted before the deposition of the beds above. 
Any di^lacement from a horizontal position that has taken 
place affects both groups alike, and must therefore have 
r)een produced after the deposition of the upper ; but the 
lower oeds hace been denuded before the deposition of the upper 
beds began^ and, as time would be necessary for this opera- 
tion, we have here, quite as much as in the first kind, a 
proof that an interval, unrepresented at the spot where the 
unconformity occurs, intervened between the formation of 
the two groups which it separates. 

That the denudation described must have taken place 
will be evident by a glance at Fig. 97. The beds of the 
lower group could not possibly have been deposited so as 
to end abruptly on the slopes of the hollow which now 
exists in them. Each must originally have stretched 
across to the point where we find the corresponding bed on 
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the other side, and the present interruption in their con- 
tinxiity must he due to the removal of portions of them. 

Unconformities of this class vary very much in im- 
portance, Sometimes the erosion is such as might be 
Drought about by a very trifling change in physical con- 
ditions, and so small in amount that no great time would 
be required to effect it. Such eases may be better 
described as ‘^contemporaneous erosion and filling up,”’^ 
because they do not indicate the important break associated 
with the idea of unconfonnity. 

In other cases the deimdation has been extensive, and 
the interval required for it of long duration, and these may 
be fairly spoken of as unconformities. 

An unconformity, then, of either kind shows us that, at 
the spot where it occurs, the process of rock formation did 
not go on continuously ; that, at a certain point of time, a 
stop was put to deposition by the upheaval and conversion 
into dry land of the sea bottom ; that by this means the 
rocks, which had been just laid down, were brought within 
the range of denudation, and portions of them worn away ; 
that the surface thus formed was afterwards IowoihhI 
beneath water, and a new set of rocks deposited on the 
truncated edges of the lower group. 

On the other hand, steady, uniform deposition would give 
rise to a conformable grouj) of strata ; but the conversi^ 
proposition, that conformity indicates the absence of any 
interval between the deposition of successive members of 
the series, is not necessarily true; for we can readily 
imagine that, after the deposition of any one bed, the 
supply of sediment might cease, and a long time might 
elapse before it was renewed and the bed next above laid 
down, and thus there woidd be an interval between the 
formation of this bed and the one next above it ; but if the 
lower bed remained undisturbed during this interval, the 
two would be perfectly conformable to one another. In 
fact, the mere existence of a plane of division between two 
beds is proof of an interval between their formation, and 
this interval may have been a long one, unless there is 
independent evidence to the contrary. 

In a word, an unconformity will bear but one interpre- 
tation — ^that the process of rock formation was stispended 
for a time, and that during that time denudation took its 
place. 

♦ An expreMion used by Prof. Jukes. A case of this sort is shown 
in Fig. U. 
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We cannot be quite so sure of the meaning of confonnity, 
because there are two ways in which it may have been 
produced. It may have, and in many cases has, arisen 
from a long, steady continuance of the same conditions; 
but in itself it affords no certain proof that such was the 
case, because the formation of two consecutive beds of a 
conformable group of strata may have been separated by 
an interval without any indication of the fact having come 
down to us.’*^ To put the matter as shortly as possible, 
unconformity implies an interval, conformity does not ex- 
clude it. 

Bepoaitioxi: oa Sinking Sear^bottoms. — Again, con- 
formity is not necessarily evidence that tho sea-bed was 
absolutely at rest during the formation of the beds through 
which it prevails. We have many cases where strata, a/l 
of which mmt have been laid down in ehallmo water ^ are piled 
one over the other in perfect conformity to a thickness of 
thousands of feet. The only way we can account for this 
is by supposing that, during the whole of the deposition of 
such a group, the sea-bottom was slowly sinking, and that 
th^ space through which it went down in any given time was just 
eqml i-o the thichness of sediment accumulated during the same 
time. By an adjustment of this sort the water would 
always be kept shallow, for, as fast as subsidence deepened 
it, deposition would fill it up again ; and, if the movement 
affected the whole area over which deposition was going 
on, no unconformity would be produced. 

General Conclusions* — 'Wo arrive, then, at the follow- 
ing canons. Conformity is produced when, during the 
deposition of a group of strata, there has been an absence 
of upheaval, depression, or denudation ; or when, if either 
of these operations has gone on, it has affected the whole 
area over which deposition took place. Unconformity 
exists when upheavm and denudation have removed a 
portion of one set of beds and another set of beds have 
been afterwards deposited on the surface so formed. Or, 
more shortly, a continuance of the same physical conditions 
gives rise to conformity ; unconformity has been produced 
by change in these conditions. 

A simple illustration will, perhaps, bring home more 
clearly to the reader’s mind the facts of unconformity and 
their interpretation. Suppose that, during a long, peaceful 

♦ The exietenoe and meaning ton. See Thewy of the Earth, i. 
of xmconfonnitv were recognieea 432, 468 ; Flayiiair*8 Worki^ i 216^ 
first by the master mind of Hut- iy 73* 
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period, the various events in a nation^s histoiy were noted 
down as they occurred, and the volumes piled one above 
another on the floor of a library. The heap so fomed may 
fairly represent strata conformably deposited during a long 
continuance of the same conditions. Suppose that a time of 
war and tumult followed, during which some of the volumes 
got disarranged, a part of the archives was destroyed, and 
throughout which the disturbed state of affairs prevented 
the carrying on of the work of the chronicler. Inis would 
cause a blank period in the history exactly corresponding 
to the gap indicated by a geological unconformity, and 
accompanied, like it, by disturbance and partial destruction 
of the record of what had gone before. On the return of 
more peaceful times, the annalist might resume his labours, 
and if the volumes he produced were laid upon the dis- 
ordered remains of the earlier records, they would corre- 
spond very closely to the upper group of strata which an 
unconformity shows resting on the edges of the lower 
beds. 

Ulnjitration of TTnooxiformity. — In Fi^. 98 and 99 
an attempt has been made to show the results of a strong 
imconformity. The first is a perspective view of a model, 
on the upper surface of which the outcrops of various 
strata are shown by different patterns, while along the 
sides we see, as we should see in a cliff, a section showing 
the course of the beds underground. The second is a 
geological section along the line marked on the modeL 
We see at a glance that there are two rock-groups, be- 
tween the lie of which the most marked discordance exists. 
The lower, distinguished by a lighter tint, has been bent 
into a number of troughs and arches, wWh have been 
truncated by denudation, and a floor, marked by a stroke 
and dot line on the section, has been formed, on which 
the upper group rests in a nearly horizontal position. The 
latter has also suffered by denudation, and only two de- 
tached outliers remain of the sheet of it which once spread 
over the whole area: the connection which origmally 
existed between the beds of these outliers is shown in the 
section by dotted lines. Further proofs of denudation 

E revious to the deposition of the higher beds are furnished 
y a fault and dyke, which traverse the lower group but 
do not penetrate into the upper. Another faiSt, which 
affects wth groups, and is therefore of later date thai^ the 
formation of the upper, is seen on the left hand. 

The dean cut section shown by the cliff puts beyond 
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We cannot be quite so sure of the meaning of conformity, 
because there are two ways in which it may have been 
produced. It may have, and in many cases has, arisen 
from a long, steady continuance of the same conditions; 
but in itself it aifords no certain proof that such was the 
case, because the formation of two consecutive beds of a 
conformable group of strata may have been separated by 
an interval without any indication of the fact having come 
down to us.^ To put the matter as shortly as possible, 
unconformity implies an interval, conformity does not ex- 
clude it* • 

Bepositioti on Sinking Sea-bottoms. — ^Again, con- 
fomiity is not necessarily evidence that the sea-bed was 
absolutely at rest during the formation of the beds through 
which it prevails. We have many cases where strata, all 
of which mmt heme been laid dmm in shallow water, are piled 
<^ne over the other in perfect conformity to a thickness of 
thousands of feet. The only way we can account for this 
is by supposing that, diiring the whole of the deposition of 
such a group, the sea-bottom was slowly sinking, and that 
the space through which it went down in any given time was just 
equal to the thickness of sediment accumulated during the same 
time. By an adjustment of this sort the water would 
always be kept shallow, for, as fast as subsidence deepened 
it. deposition would fill it up again ; and, if the movement 
affected the whole area over which deposition was going 
on, no unconformity would be produced. 

Qeneral Conclusions. — ^We arrive, then, at the follow- 
ing canons. Conformity is produced when, during the 
deposition of a group of strata, there has been an absence 
of upheaval, depression, or denudation ; or when, if either 
of these operations has gone on, it has affected the whole 
area over which deposition took place. Unconformity 
exists when Tipheaval and denudation have removed a 
portion of one set of beds and another set of beds have 
been afterwards deposited on the surface so formed. Or, 
more shortly, a continuance of the same physical conditions 
gives rise to conformity ; unconformity has been produced 
by change in these conditions. 

A simple illustration will, perhaps, bring home more 
clearly to the reader’s mind the facts of imoonfonnity and 
their interpretation. Suppose that, during a long, peaceful 

* The exietenoe and meaning ton. See Theory of the Earth, i. 
of unconformity were recognised 432, 458 ; Playfair’a Works, i. 
first hy the master mind of Hut* iv 73* 
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period, the various events in a nation^s history were noted 
down as they occurred, and the volumes piled one above 
another on the floor of a library. The heap so formed may 
fairly represent strata conformably deposited during a long 
continuance of the same conditions. Suppose that a time of 
war and tumult followed, during which some of the volumes 
got disarranged, a part of the archives was destroyed, and 
throughout which the disturbed state of affairs prevented 
the carrying on of the work of the chronicler. This would 
cause a blank period in the history exactly corresponding 
to the gap indicated by a geological unconfommy, and 
accompanied, like it, by disturbance and partial destmction 
of the record of what had gone before. On the return of 
more peaceful times, the aimalist might resume his labours, 
and if the volumes he produced were laid upon the dis- 
ordered remains of the earlier records, they would corre- 
spond very closely to the upper group of strata which an 
unconformity shows resting on the edges of the lower 
bods. 

XUnstration of ITneonformity. — In Figs. 98 and 99 
an attempt has been made to show the restdts of a strong 
unconformity. The first is a perspective view of a model, 
on the upper surface of which the outcrops of various 
strata are shown by different patterns, while along the 
sides we see, as we should see in a diff, a section showing 
the course of the beds underground. The second is a 
geological section along the line marked on the modeL 
We see at a glance that there are two rock-groups, be- 
tween the lie of which the most marked discordance exists. 
The lower, distinguished by a lighter tint, has been bent 
into a number of troughs and arches, which have been 
truncated by denudation, and a floor, marked by a stroke 
and dot lino on the section, haA been formed, on which 
the upper group rests in a nearly horwontal position. The 
latter has also suffered by denudation, and only two de- 
tached outliers remain of the sheet of it which once spread 
over the whole area : the connection which originally 
existed between the beds of these outliers is shown in the 
section by dotted lines. Further proofs of denudation 
previous to the deposition of the higher beds are furnished 
by a fault and dyke, which traverse the lower group but 
do not penetrate into the upper. Another faiut, which 
affects both groups, and is therefore of latei* date th an the 
formation of the upper, is seen on the left hand. 

The dean cut section shown by the cliff puts beyond 
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descend the flanks of the hills which they compose, we 
always find them cropping out in the same order, d at the 
top, then Cf then and a at the bottom. 

But we meet with a very different state of thir^ when 
we follow the line which parts the two groups. ®ie bed 
a rests first on (2), it then stretches over (1), after 
leaving the latter it comes again to lie upon ^2), and then 
creeps gradually on to higher and higher beds till it is in 
contact with the highest member (6) of the lower group; 
still further to the right it comes to lie upon (5) and (4) in 
succession. 

Now this gradual passage of the upper group over the 
edges of the different members of the lower group can be 
caused only in two ways — either by a fault bringing one 
against the other, or by an unconformity between the two. 
On the left hand there is a fault bringing about this result ; 
on the right the wavy and indented nature of the boundary 
would be all but conclusive against it being faulted, even if 
the cHff section did not show the absence of any fault. 

Having assured ourselves, then, that there is no fault to 
cause the upper group to abut at different spots against 
different members of the lower, m may accept this hehamour 
as conclusive proof in itself of an unconformity between the two 
groups. 

Incidental Sroofii of TTneonformi*^. — In some cases 
where such direct proofs of unconformity as we have just 
described are not forthcoming, we may detect its presence 
by evidence of a circumstantial kind. 

It frequently happens that the bottom beds of the upper 
of two imconformable groups are Conglomerates, the 
pebbles of which have been derived from the lower group. 
This shows denudation, and therefore upheaval of the 
lower group before the upper began to be formed. This 
has been the case in the section in Fig. 96, with the bottom 
bed, of the middle group. 

We may occasionally detect faults ©r igneous dykes which 
penetrate the lower group, but do not run on into the 
upper. Fig. 96 furnishes us with an instance of this ; the 
dyke d terminates at the base of the bed e, and the abrupt 
way in which it is cut off shows that it must originally have 
extended higher up than now, and that it has been trun- 
cated by the denudation that produced the floor on which s 
rests. Similar cases are seen in the diagram Fig. 99. 

When we find the lower of two groups of stra^ intensely 
metamorphosed and the upper unchanged, there is a fair 
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presumption that the operation took place before the depo- 
sition of the latter, and that, therefore, an interval elapsed 
between the formation of the two. 

Deceptive Appearance of XTaeoiifonttity owing to 
Underground Dissolntion of Bock. — ^In cases like ^ese 
now under consideration, where the lower group is calcare- 
ous and the upper allows of the passage of water, the ob- 
server must be on his guard against too hastily inferring 
that an uneven junction necessarily means denudation of 
the former before the deposition of file latter. Under such 
circumstances it may be that the two may have been 
originally laid down in perfect conformity, and that sub- 
sequently carbonated water percolated down to the Lime- 
stone, dissolved it away, and gave rise to inequalities and 
pot-holes on its surface, into which the upper beds have 
settled down. In such a case the irregularity m the junction 
of the two groups, having been produced after the deposi- 
tion of the upper, is no proof of an interval having existed 
between the formation of the two.* 

Deceptive Confonnity. — In the examples we have 
given the evidence for an unconformity is so clear that 
there is no room for a mistake ; but unconformities are not 
always so easily detected, and in some cases an apparent 
conformity exists locally between two rock systems which 
are really violently unconformable to one another. As an 
instance we may take the Mamesian Limestone and the 
Coal Measures of Yorkshire, the relative lie of which is 
shown in the sketch-map and section in Fig. 100. 

A geologist who conned his observations to the neigh- 
bourhood of the point Ay would scarcely be able to detect 
there any sims of an unconformity between these two 
groups of ro^s. The dip of both is in a general way to 
the east, and is so small that it would be quite impossible 
to say from such measurements as could be made in quarries 
or limited exposures of rock, whether there was any dif- 
ference in the amount of inclination of the two formations. 
When we come, however, to map the country in detail, we 
find that the outcrops of the Coals, Sandstones, and other 
members of the Coal Measures over a great part of the field 
trend pretty steadijy north and south, but that at either 
end they bend round to the east. In fact the portion of 
the Coal Measures exposed at the surface forms a half- 
basin. Now, over the central part of this basin the beds 
strike north and south, or in the same direction as the 
* See Quart. Joum. Geol. Soc. cf Iiondon, xxii. 402. 
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Limestaiie, and, as long as this arrangement prevails, the 
two formations exhibit no tmconformity ; but at either end 
of the basin, where the easterly strike sets in, we find the 
Limestone, as we go either to the north or the south, resting 

Section along the line A B- 




MflLg ptMrinTi 

I Limestone 
Sand Books 
above it. 



Cool Measures. 


Sandstone. 

Ontcrqpsof 
Coal S^ms. 


Fig, 100. — SxSTCH-MAF OP THB YoilKSHIRE AND BbBBTSHIBB 

Coal 


in succession on lower and lower beds of the Coal Measures, 
and become aware how discordant the two formations are. 
We then realise that the Coal Measures have been thrown 
into a trough and largely denuded before the Limestone 
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began to be formed. To give an idea of the amount of denu* 
dation, the Limestone at A rests on beds some three thousand 
feet higher up in the series than at so that at the latter 
point at least this thickness has been swept away. 

Unconformities like these might eBcaj)e the notice of a 
casual and hasty observer, but they would be certain to be 
revealed by the mapping of a large tract of coimtry. 

A case of deceptive conformity is shown in Fig. 97. The 
section at the point A gives no indication of unconformity 
between the two groups shown in that diagram, but the 
section taken as a whole shows that a marked unconformity 
exists. 

The wuming conveyed by such instances is, not to rely 
too miich on apparent conformity, but to boar in mind that 
it may be only local, and to ascertain by widespread ob** 
seivations whether this is so or not, before concluding that 
a set of rocks form a conformable series. A single obser- 
vation will often establish beyond doubt the existence of 
unc<mfornuty ; extensive research will be required before 
we can safely say beds are conformable to one another. 

Overlap. — ^WTion the surface of a group of ro(^kB has 
been worn by denudation into hollows and these liave been 
filled by the deposition of a second set of strata, it neces- 
sarily happens that each bed of the latter will extend over a 
larger area than the bed next below, and will cover it up 
and hide it from view ; so that if we made a section across 
a country where this had occurred, we should find each 
bed of the upper group reaching across the bed imme- 
diately beneath to abut against the sloping sides of the 
hollow. This is called an Overlap, and each bed is said to 
overlap the bed below it. 

In diagram, Fig. 97, wo see very clearly, on the left-hand 
side, the bed (1) overlapping (2) ; this again overlaps (3), 
and the latter overlaps (4), and so on. The existence of 
the beds below (1) would not have been known, if it had 
not been that on the right-hand side denudation has re- 
moved a portion of the rocks that once covered them, and 
has laid them open to view. Similarly, in section 4, Fig. 
102, (3) overlaps (2), and is itself overlapped by (4). 

Occasionally we find some among the different members 
of a formation occurring only in patches here and there, 
because the conditions necessary for their formation existed 
only at certain spots ; at the same time these different 
members overlap one another against the sloping surface 
of a group of older rocks. Great complication is thus 
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introduced, which it requires the utmost care to unravel. 
A good instance occurs cm the north-eastern ed^ of the 
liahe district. If we turn to a geolo^cal map of England, 
we see that the old rocks of the HiJl country, which are 
istinguished as Silurian, are flanked by a belt of a newer 
formation, the Mountain Limestone ; but every here and 
there between the two there come in detached patches of 
an intermediate group, called the Old Eed Sandstone, 
which consist of Conglomerates and Sandstones. The fact 
that the latter does not form a continuous band between 
the Silurian rocks and the Limestone, but occurs only in 
isolated areas, is due partly to the circumstance that it was 
deposited only at certain spots, and is therefore not present 
at all in some places, and partly to its being overlapped 
by the Limestone, and so concealed from view at some 
places where it does exist. During the dej^osition of 
these rocks the order of events was as follows. The boss 
of hiU country was upheaved and carv^ed out by denu- 
dation into something like its present shape very long 
ago ; it was afterwards slowly lowered beneath water, and, 
as it wont down, banks of shingle were piled up along 
the successive shore -Hues formed by its gradual sub- 
mergence. It is easy to see that these would reach their 
largest dimensions ofl the mouths of rivers, where the 
materials for their formation were supplied in greatest 
abundance. It is also not unlikely that the hiUs were then 
occupied by glaciers, and, when one of these came down to 
the water, the load of rubbish on its back would >deld 
plentifully matter suitable for the formation of shmgly 
deposits. And thus it came about that the Conglomerate 
never formed an unbroken fringe all round the hills, but 
was deposited only in patches at certain spots. As depres- 
sion went on, it was accompanied by a change in physical 
conditions; the ice disappeared, and the volume of the rivers 
decreased, so that they brought down fine Sand iiistc^ad of 
their former coarse detritus ; thus thf>re was next fonned a 
group of Sandstones, less coarsely grained tJian the Sliingle 
beds which preceded them, and these covered up tlie latter, 
and extended some way higher up the Silurian slope. 
Lastly, continued depression gave rise to a deep and ex- 
tensive sea, in which Limestone was formed; this was 
mainly of organic ori^n, but it contains in the neighbour- 
hood of the Lake hms beds of mechanically formed sedi- 
ment derived from the adjoining land. This last formation 
covered up the two preceding groups, and abutted at a 
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higher level than they against the Silurian rocks* ‘ A 
section vhich crossed country where all these groups are 
present would run as in section 4, Fig. 102. 

But tlie reader may ask how we become aware of the 
existence of the Sandstone and Conglomerate, which in the 
section just given are hidden from view by the Limestone. 



( 1 ) 

Fig, 102. —Sect. 1. 


( 1 ) 


Their presence is revealed to us by the occasional removal 
of the overlying beds by denudation, in the way shown by 
the sketch-map in Fig. 101. The district is traversed by 
liver valleys : of these A B and E F run over ground 



beneath which all four rock groups are present, and cut 
d( wn deep enough to show them all; section 1, Fig. 102 
shows what may be observed in either of these valleys. 
11 e valley C JD lays bare the Sandstone, but does not cut 



d<.wn to the underlying Conglomerate, the position of which 
marked in scKjtion 2, Fig. 102. The valley G JE crosses 
a j'pot where the Conglomerate is absent, but shows Sand- 
st^ne and Limestone; section 3, Fig. 102 runs along this 
valley. Lastly, in the country to the right no valleys reach 
bf noath the base of the Limestone, but it is likely enoiigh 
that both the underlying groups may be locally present 
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boneath, as shown in section 4, Fig. 102. The section 
No. 6, placed beneath the map, will further illustrate the 
irregul^ occurrence of the Conglomerate. 

(4) 

(3) 

(«) 

Fi/;. 102. — Sect. 4. 

It is right to add that the Sandstone, like the Conglo- 
merate, is local in its occurrence ; it is represented as (!on- 
tinuous in the figures to avoid confusion. 

Practical Bearings. — ^It is of the utmost importance to 
understand the bearing of unconformity and overlap when 
we endeavour to determine the underground continuation of 
strata from observations made at the surface. Thus in the 
diagram, Fig. 97, suppose the beds (2) and (4) to be Coal 
seams, wliich are being worked from their outcrops on the 
right towards the left. At the basset edges and in the 
sinkings at B and C they are regularly overlaid by the bed 
( I ) and separated by the bed (3), and we might be apt hastily 
to infer that wdierevor we found the bed ( 1 ) we should also 
find these seams at the usual distance beneath it. But if, 
on the strength of the presence of (1) in the section at Ay 
we commenced te sink at i>, our enterprise would be a 
failure, because the Coals we were in search of have abutted 
unconformably against the slope of an underground ridge 
of lower rocks before reaching that spot. But a careful 
examination of the whole of the section at A would 
evidently have prepared us for the possibility of this 
being •the case, for it would have shown us immediately 
beneath (1) not the Coal seam (2), but a totally different 
rock, and opened our eyes to the true structure of the 
district. 

A most serious failure arising from n cause of this kind 
occurred in a boring for water at Kentish Town, for the 
details of which see Qmrterly Journal of the Geological 
Bodety of London y xii. 6, and the Memoir of the Geological 
Survey of England, on Sheet 7, Appendix 3. 

As another instance I may mention an abortive boring 
for Coal in South Staffordshire, described in the Man- 
chester Science Lectures for 1871,*’ 2nd series, p. 17. 
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Throughout this chapter we have constantly assumed the 
removal of enormous thicknesses of rock by denudation. 
Many of the sections we have given are in themselves 
proofs that such an assumption is fully iustified by facts, 
out the reader will realise more fully the constant repe- 
tition of denuding action, and the vast extent to which 
denudation has gone on, after going through the next 
chapter. 



CHAPTEE X. 

MOrr TEE TEESEKT SURFACE OF TEE QROUNB EAS 
BEEN FROEUCEI). 

Now oonoerning the exaltation of the mountains above the vallies 
it appearoth to come to pass by the water in former times, whose 
property is to wear away by its motion the most loose earth, and to 
leave the more firm ground and rocky places highest.” — A Discovery 
OP SURTEKRANBAL TREASURES (GaBRIEL PlATTBR, 1738 ). 

** That mighty trench of living stone, 

Where Tees, full many a fathom low, 

Wears with his rage no common foe ; 

Condemned to mine a channelled way 
Through solid sheets of marble grey.” 

Scott. 

SECTION I.— rEOOFS THAT THE SHAPE OF THE 
SUKFACE IS DUE TO DENUDATION. 

W E have now made ourselves acquainted with the pn>- 
cesses by which the materials that compose the 
ground on which we live and move were brought together, 
compacted into their present fonn, and placed in their 
present position ; our next step will be to inquire how the 
surface of that ground has had its present shape given to 
it — how mountain-chains, table-lands, hills, valleys, and 
plains, and all the lesser inequalities that diversify the face 
of the earth, were produced. 

Surface due to Beuudation. — ^We saw in the last 
chapter that the crust of the earth has been from time to 
time .crumpled and folded into troughs and arches, and 
nothing would be more natural, when we see a moun- 
tain or hill, than to suppose that it is one of the arches, 
and that the valley which lies at its foot runs along the 
line of one of the troughs; that, in fact, if wo were to 
out a deep trench across hUl and valley, we should see in 
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its sides that the rocks were arranged underground, as in 
Fig. 103. 

Nothing, certainly, could be more natural than to sup- 
pose this would be the case ; but a very little examination 
sufRces to show us that no supposition could by any pos- 
sibility have been made so utterly contrary to fact. In a 
very large majority of eases we find that the rocks that 
form a hill, lie in a trough, instead of being bent up into 
an arch *, and that a line of valley, instead of coinciding 
v'ith a trough, runs along the crest of an arch on the rocks 
bolow. 

In other cases the hills and valleys have apparently not 
ev<m so much connection as this with the folds into which 
the rocks have been bent. And even in those cases where 
the rocks forming a mountain are arched and plunge down 
on eacJi side in the same direction as the slope of the 
gi'ound, if we draw a section across the hill, and are 
careful to put in the inclinations of its sides, and of the 



I'ig. 103. — SftCTION SHOWING WHAT WOULD HB THE GEOLOGICAL 
Structurb op a Country ip thb Hills coincided with 
Anticlinals. 


beds composing it, as they occur in nature, we see at 
once that the arch is incomplete, that large portions of it 
have been canied away, and that, though the formation of 
the hill may have begun with a bending up of the rocks, 
some other cause must have operated on it to give it its 
present outline. 

The section in Fig. 1 04 would give a truer idea of the 
relations between the shape of the ground and the lie of 
the rocks beneath it. On the left we have two hiUs, the 
rocks of which lie in troughs, and valleys between cut out 
of the crests of arches in the rocks; then follows a tract 
wliere the bods are folded into sharp curves, but the 
surface, instead of following these curves, has been planed 
away till it cuts across them in every direction. On the 
right are lofty mountains, from the summit of which the 
beds dip away on each side in the same general direction 
as the slope of the ground, and where surface outline does 
follow, to a certain extent, the flexures of the rocks, and a 
broad valley between in which the arrangement of the 
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rocks is trough-like. But look 
at this last case a little more 
closely; the surface is nowhere 
formed for any space by a plane 
of bedding, the arch is more or 
less truncated and defaced, and, 
in order to see it as it was when 
the rocks were first folded, we 
should have to put back the por- 
tions shown by dotted lines, 
which have evidently been car- 
ried away. It is easy to see, 
for instance, that portions only 
of the bod marked A remain on 
the mountain-tops and in the 
vaUey ; if it had origmaUy the 
same thickness throughout, it 
must once have reached up to 
the dotted continuation of its up- 
per surface, and the parts be- 
tween tliat line and the present 
suiiace are gone. The group of 
beds marked i? also so exactly 
correspond on opposite sides of 
tbe chain, that we feel sure the 
portions now so widely discon- 
nected must have once formed 
parts of an unbroken sheet of 
strata, that this has been bent 
in tbe direction shown up in the 
air by tbe dotted lines, and the 
portion between tbe two present 
outcrops has been removed. The 
reader wiU see by-and-by that it 
does not necessarily follow from 
this that the mountains have ever 
been as high as the restoration of 
the missing parts of the beds 
would make them; all that is 
asserted is, that the portions be- 
tween the dotted lines and the 
surface have been removed. 

The inequalities of the surface 
of the ground, then, are not due, 
or are £ie only in a minor degree, 
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to t}ie folds into wliich the rocks beneath it have been 
thrown ; some words used a little way back point unmistak- 
ably to the cause to which they are mainly due. Completing 
the curves in Fig. 104, and restoring the arch to its origind 
shape, we find that parts of it have been omried 
Again, why does the hill on the left stand up so conspi- 
cuously ? The rock at the summit and those on its flamks 
(lid not originally terminate where they do now, but 
stretched right and left, as shown by the dotted lines. 
These dotted parts have been carried away. The reader has 
<l(>ubtless before this said to himself, Yes ; and what car- 
ried them away can have been nothing else but denuda- 
tion ; ” and he will be right, for, as far as we know, there 
is nothing else that can have done it. 

The conclusion, then, wo come to is, that in most cases 
valleys have been carved out by denudation, and hills are 
what denudation has spared ; and that even in those eases 
where hilla and valleys may have originated in a bending 
up or bending down of the rocks beneath them, their out- 
line is still very largely due to denudation. 

It will be enough to refer the reader to two of the count- 
less instances in wdiich not a doubt can exist that striking 
Iiills aie merely remnants that have escaped denudation. 
No better proofs of the truth of this assertion can be found 
than the mountains on the west coast of Sutherland and 
Uoss, figured in “Siluria,^’ p. 170, and so eloquently de- 
t.cribed by Hugh Miller (‘^The Old Bed Sandstone,” p. 56); 
and the Scur of Kigg, described by Professor A. Geikie 
(Quart. Joum. Geol. Hoc. of London, xxvii. 303.) 

The truth that the present inequalities of the surface are 
mainly due to denudation was first clearly seized upon by 
Hutton. His contusions are thus elegantly summed up 
by Pla 3 rfair. It is where rivers issue through narrow 
defiles among mountains that the identity of tlie strata on 
both sides is most easily recognised, and remarked at the 
same time with the greatest wonder. On observing tlie 
Potomac, where it penetrates the ridge of the Alleghany 
Mountains, or the Irtish, as it issues from the defiles of 
Altai, there is no man, however little addicted to geological 
speculations, who does not immediately acknowledge that 
the mountain was once continued quite across the space in 
which the river now flows ; and, if he ventures to reason 
concerning the cause of so wonderful a change, he ascribes 
it to some great convulsion of nature, which has tom the 
mountain asunder and opened a passage for the waters. 
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It is only the philosopher, who has deeply meditated on the 
effects which action long continued is able to produce, and 
on the simplicity of the means which Nature employs in all 
her operations, who sees in this nothing but the gradual 
working of a stream, which once flowed over the top of 
the ridge which it now so deeply intersects, and has cut its 
course through the rock in the same way, and almost with 
the same instrument, by which the lapidary divides a block 
of marble or granite.” * 

Amount of Denudation. — ^It is desirable at the outset 
that we should clearly realise how enormous has been the 
amount of the matter carried away to form the present 
surface of the ground. For this end the reader cannot do 
better than turn to Professor Bamsay’s paper, On th(i 
Denudation of South Wales and the adjacent Counties of 
England” Memoirs of the Geological Survey of Great 
Britain,” vol. i. p. 297), To illustrate the methods employed 
to calculate what is the quantity of rock that has been re- 
moved, one of the sections of that paper is reproduced, 
with trifling modifications, in Fig. 105. The part drawn 
with strong lines represents the rocks below the surface ; 
it is constructed by first obtaining an acjcurate profile of the 
ground by levelling; the different beds that come out to-day 
along the line are then examined, and their dips measured, 
and they are then drawm in, each with its proper dip. In 
this way, starting on the south, we pass over four groups 
of rocks, which are called respec^tively Coal Measures, Car- 
boniferous Limestone,. Old Bed Sandstone, and Silurian, 
and come out one fi‘om below another in the order in which 
they have been named, -with a steady rise to the north. 
About A the southerly dip begins to decrease, a little farther 
to the north we reach a point whore the beds are observed 
to lie flat, and after passing this point a dip to the north sets 
in and gradually increases in amount. Tins shows us that 
A lies on the crest of an arch, or anticlinal, into which the 
rocks have been bent. If we continue the same kind of 
observations, we find that this arch is succeeded by a 
trough, and the trough again by a second arch, on the 
northern flank of which the dip is steadily to the north up 
to the end of the section. 

In the Silurian rocks there is a well-marked and easily 
recognised bed of Limestone marked by a black band. 
This bassets at B and C, but the bed cannot have origin- 
ally ended at these points as it does now. Before the strata 
♦ Works i. 116 . 
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were folded into their present form, it mxist have spread 
out as an unbroken sheet tlirough the body of the Silurian 
rocks ; and if w© carry on its under and upper boundaries, 
bending them so that their dip may be always the same as 
that observed in the rocks beneath, we shall see how much 
of the Limestone, and of the beds under it, has been swept 
away in the course of the formation of the present surface. 
In the same way we determine the original connection of 
the bassets of this bed at C and J). Again, the Old Bed 
Sandstone appears on both sides of the arch, but it cannot, 
any more than the Limestone bed, have ended originally 
as it does now. Let us carry on its upper and under 
boundaries, being careful to keep them everywhere parallel 
to the curves drawn for the Limestone bed, and we shall 
obtain the outline of the belt which once connected the 
detached outcrops on the southern and northern flanks of 
the arch. * 

The linos showing the former connection of the rocks, 
obtained in the manner just described, are dotted, and the 
tinted space between them and the surface shows how 
much has been swept off by denudation. ‘ The scale of the 
section is the same for heights and distances, so that every- 
thing is in its true proportion, and a glance will show how 
insignificant is the portion of the rocks that now remains, 
compared with that which has disappeared. The tinted 
portion in the figure is more than two square miles in area, 
so that, for every mile in the length of the anticlinal, upwards 
of two cubic miles of material must have been swept off to 
give us the present surface-enough to cover the whole of 
Great Britain to a depth of nearly a foot. And this is not 
all, for probably not only the Old Bed Sandstone, but the 
Carboniferous Limestone and the Coal Measures as well, 
were once continuous over the area, and they are wholly 
gone along the greater part of the line. 

SECTION II.— THE SHAKE OP EACH DENUDING AGENT 
IN FBODUCING THE SHAPE OF THE 8UHFACE. 

The surface of the earth, then, has been carved into its 
present shape, and denudation is the instrument that did 
the work. We have already seen that a number of different 
agents take part in the process of denudation, and w© must 
now inquire how the task has been portioned out among 
them. In a former chapter on denudation we dealt mostly 
with the character of the waste resulting from its action ; 
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we have here to look to the kind of surfaces that e£W)h of its 
cutting tools gives rise to. 

Share of ^e Sea. — We will begin with the sea. A 
very little reflection will convince us that even at moderate 
depths the sea con do very little denuding work of any 
kind. We have seen that running water by itself is not 
able to cut or wear the rocks it flows over ; but that, if the 
current is strong enough to carry in suspension, or roll 
along coarse sediment, a large amount of erosion is pro- 
duced by the aid of the latter. Now the circulation of the 
depths of the ocean is carried on by currents in all proba- 
bility of very moderate velocity ; and the water, if 5; hold 
anjiihing in suspension, must be charged with fine mud or 
ooze instead of the rough sediment which enables rivers to 
exert so powerful a cutting action. That this is the nature 
of a very large proportion of deep sea bottoms has been 
abundantly shown by soimdings, and even in the cases 
where the sea-bed is strewn with coarser detritus, a large 
fragment is of rare o(?currence. Professor Wyville Thomson 
gives t-wo such cases met with in dredging to the north of 
Scotland. In one haul the largest pebble weighed 421 
grains or of an ounce* and may have been about the size 
of a walnut, and no other was met with anything like so 
large. In another case 718 fragments were brought up 
from a depth of 1,443 fathoms ; one weighed 3 grains, the 
rest being from | to a ^ of a grain in weight.* 

The deep portions of the sea, therefore, do not possess 
the conditions neeessarj^ for denudation, and we may con- 
clude that the only change that can happen to a surface 
buried beneath them will be the gradual filling up of any 
inequalities that may exist by the deposition of fine sediment. 

But it is otherwise when we come to the coast -line. 
There we find abundant implements of destruction fur- 
nished by the piles of broken rock and rubbish, wbi(!h 
atmospheric disintegration and the imdennining of the 
waves are always detaching from the chfis. These the 
breakers, as they are driven in by violent gales, hurl 
against the rocks of the shore, and in this way incessant 
destruction of the latter goes on, the land is slowly worn 
back, and the sea advances steadily inland.! But this 
takes place only between the limits of high and low tide, 
and practically marine denudation is confined to this zone. 

♦ Depths of the !5ea. App. C. and Geology of Scotland, chap. 

t For details the reader may iii. ; Lyell’s Principles, 10th ed., 
turn to Prof. A. Geikio's Scenery chaps, xx. and xxi. 
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The 8oa then acU powerfully in worhmy hacJc the ooasUline^ 
hut it does mt exert any appreciable wearing uction below the 
lerel of the lowest tide ; the result, therefore, of marine denu- 
dation must be to wear down a country submitted to iU in- 
fluenee to an even surface coinciding approximately with the 
level of the lowest tides. When it has done this, it can do no 
more in the way of destruction, and it suddenly changes 
its part to that of a conservative agent, for its waters pro- 
tect the plain so formed from the action of other denuding 
forces. 

Of course it is not intended to assert that the sea eveiy^- 
where advances at the same rate ; its progress depends on 
the hardness and structure of the rocks opposed to it, as wo 
shall see more fully in a subsequent section of this chai)ter. 
It is this irregular advance that gives rise to bays and 
])romontorie8 and other inequalities of the coast-line ; but, 
given time enough, even the boldest headland will be at 
last cut back. Isolated pinnacles, stacks, and skerries 
often hold their own for a long time against marine 
denudation, and stand up as landmarks to show the space 
over which it has worked its way, but in the end these are 
undermined, topple over, and are cleared away. 

Plain of Marine Denudation. — The even surface that 
would result from the action of marine denudation alone 
is called a Plain of marine denudation.’^ 

But in order to get such a plain we must not have any 
denuding forces at work besides the sea, for a very short 
exposure to subacrial denudation would soon destroy the 
uniform flatness which is its characteristic feature. Such 
a thing then as an unmodified plain of marine denudation 
never can have existed ; and if there ever had been such a 
thing, we cannot expect to find any cases where it still 
retains perfectly its original character. 

But by careful attention we can yet detect, even among 
the wonderfully diversified features of the present surface, 
traces of the horizontal planing of the sea bywliich that 
surface began to be formed. If wo draw a section on a 
true scale across a country free from great mountain 
chains, it will in many cases be something such as is shown 
in Fig. 106. There will be liills and valle 3 ^ 8 , but it will be 
found possible to draw a straight line, A gently indined 
seawards, that will touch, or nearly touch, the tops of most 
of the hills, while none of them will rise above it. If we 
took a raised map of the country and laid a flat board upon 
it, the same would be true for the board. Now it is likely 
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that the surface represented by the board is the flat, that 
would have followed from marine denudation, if other 
denuding agents had not come in to modify the result 
which, acting alone, it would have produced. 

A very striking instance where such a plain as we 
have described can still be very distinctly recognised, was 
brought before the writer’s notice during a short ioumey 
on horseback over the wild country in the west of Anda- 
lusia. At first view, this region seemed to be a gently 
undulating expanse, stretching out as far as the eye could 
reach, over which it looked as if one could ride straight 
away without check or hindrance. A very short time 
sufficed to show how different the reality was from the 
appearance. Steep-sided valleys, sometimes deserving the 
name of ravines, stretched across tlie route in quick suc- 
cession, down which the horses had wanly to pick their 
way, and out of which they had laborioudy to toil, and 
for a great part of the way the rate of progress did not 
practically exceed a foot’s pace. The conviction was 



Fig. 106. — Section showing the feobable Relation of the pre- 
sent Surface to an old Plain of Marine Denudation. 


forcibly brought home to the mind that the history of 
the formation of the surface was something like this. The 
country had been first smoothed away by some horizontally 
planing force to an even surface, and afterwards the 
valleys had been cut down below its level by a trenching 
process that acted vertically. After what has been said 
the reader will recognise the sea as the first of these agents, 
and he will shortly see that the excavators of the valleys 
have been rivers that ran in them. 

Sliara of Subaarial Denuding Agents. — ^Divers. — 
We may next turn our attention to subaerial denuding 
agents, and first among these we will take rivers. The 
coarse sediment that is swept along the bottom wears away 
the bed, and therefore rivers, as long 6is they have sufficient 
faU, are constantly deepening their channels. The banks 
are also undermin^, and from time to time portions, which 
have been thus deprived of support, break off and fall into 
the stream, and tme chaimel thus becomes widened. But 
its sides, from the way in which they are formed, will 
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always tend to be steep ; their inclination will depend, Just 
as in the case of a railway cutting, on the angle at which 
the material of the banks will stand; but it wiU always be 
considerable, unless some other denuding agent comes in 
to modify the results which would be produced by river 
action alone. 

BiverSf therefore, are denuding tools, which tend to cut steep-- 
sided trenches across a country ; and these trenches they are con- 
tinually deepening as long as they lime any appreciahle fall. 

It be at once objected to this generalization, that 
this is not the character of the river valleys wo are most of 
us acquainted with ; but the reasons for this is, that we 
have veiy few of us seen a valley that is due to river action 
alone. In the formation of most river valleys other denud- 
ing agents besides the stream that flows in them have had 
a share, and the shape of the valley is the result of the 
Joint action of all. But a case will be given immediately 
in which the river has not been interfered with, and here 
we shall see that the result has been exactly such as we 
described. 

We will first point out how most river valleys lose the 
trench-like form with which they must have started. Bain 
and the action of the weather round off the edges and break 
down the sides of the trench, and thus the steep-sided 
gorge gradually opens out into a broad valley, and the 
widening goes on as long’as the slopes are steep enough 
to allow the disintegrated matters to be washed down into 
the stream. One tost of the correctness of this explanation 
readily suggests itself. If it is true, the width of the valley 
ought to depend on the ease with wliich the rocks on its 
flanks yield to atmospheric wear. This is found to be the 
case. Many river valleys show along their course alterna- 
tions of broad flats and narrow steep-sided gorges ; in such 
cases it is always found that, where the valley is broad and 
open, the river is running across easily denuded strata; 
but that, wherever a ravine occurs, its banks are formed of 
unyielding rocks. An instance of this is shown in Fig. 107 ; 
the portion of the valley in the foreground slopes gently up 
from the river-banks, but when the river crosses the range 
of hills in the distance the valley contracts into a ravine. On 
the right-hand side is a section, such as would be given by 
a very deep railway cutting, which lays open the geological 
structure of the country ; and this sliows us that the part 
where the gor^e occurs is formed of hard, thickly-bedded 
Limestone, while the more undulating portion is underlaid 
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by soft Sbale. Examples of tins kind are oommon enough 
round the border of the Carboniferous lomestone of Derby- 
shire ; as, for instance, where the Biver Derwent enters the 
Limestone tract about a mile abore Matlock. The gorge 
here was ori^naUy only just broad enough to admit the 
river ; and, when the high road was carried along the valley, 
the gap had to be widened by blasting away its rocky wall. 
We also frequently meet with river valleys whose section 
is like that in Fig. 108 , broad with gentle slopes in the 
upper part, and a deep steep-sided trench, in which the 
river hows, in the middle. In such a case we find on 
examination that the upper beds are soft, and have been 
largely worked back by atmospheric causes ; but as soon as 
the river had cut down to the more indestructible rock at 
the bottom, the trench which it ate out retained more 
nearly its original shape. 

Soft 
Book 


Hard 
Book. 

Fig. 108 . — Section across a Ritbr Vai:j.ey, with gentle Slopes 

WHERE THE BaNKS ARE PORMED OP SoFT RoCK, NARROW AND 
STEEP-SIDED WHERE THE STREAM HAS CCT DOWN TO HaRD RoCK. 

Canon of Colorado an Example of Biver Action. — 

But these are matters that will have to be considered more 
fully further on ; let us now see if we can anywhere hear 
of a river valley, where the stream has been let alone to do 
its work without the interference of other denuding agents, 
and learn what the result of that work has been. No 
better instance can be given than the well-known one of 
the Colorado Biver of the West, which empties itself into 
the Gulf of California. This stream flows for nearly three 
hundred miles of its course in a profound chsism, sometimes 
not more than fifty yards wide, the walls of which are 
approximately vertical, and vaiy in height from three thou- 
sand to six thousand feet ; that is to say, the gorge is in 
places more than a mile deep. 

No one can deny the trench-like character of such a 
channel ; but are we sure that it haa been cut by the river ? 
The first explanation to suggest itself is, that this mighty 
chasm is a rent tom open by an earthqtiake or some similar 
convulsion, which the river has appropriated to its use. A 
little examination shows that tl^ has certainly not been 
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tlie way in which it was formed. The heds on opposite 
sides correspond perfectly; and the rook at the bottom, 
though deeply eaten into, is nowhere fissured and broken. 
But what completely settles the question is the fact that 
the country on both sides is channelled in every direction 
by innumerable narrow, steep-sided, winding chasms, 
which differ from that of the river only in size. These 
minor chasms all spring from the main gorge, and divide 
and subdivide as they recede from it ; and their arrange- 
ment is so exactly like the branching network of a river 
and its tributary brooks, that there cannot be a shadow of 
a doubt that it was from such a system that they took their 
rise, and that each has been made by a stream eating its 
way lower and lower down; till this extraordinary assem- 
blage of ravines, which are known by their Spanish name 
of canons, has been produced. 

This explanation is further confirmed, when we find at 
various points along the canon patches of Biver Gravel 
lodged for above the level of the highest floods, and great 
sheets of similar Gravel, siueading over the fiat bottom of 
the valley where it opens out below the gorge, the pebbles 
of which are formed of the rocks at the top of the wall of 
the canon. 

There can be no doubt, then, that the Great Carion, and 
the innumerable ravines that spread out from it, have been 
formed by streams that run, or once ran, in them; and, 
what is more, the other condition we were in search of is 
also satisfied here, no other denuding force has had a share 
in their fartnation. For the district is practically rainless ; 
and this is the reason why the cailons are so markedly 
trench-like — ^there has been no atmospheric wear to round 
off their edges and work back their walls. 

We have found, then, here exactly what we wanted, a 
case of river-action pure and simple ; and loam from it that 
rivers are denuding tools that act vertically, and tliat the 
channels they cut, when they are left to themselves, are 
steep-sided trenches. 

The line of reasoning we have been pursuing will be 
perhaps made somowhat clearer, if we consider a little more 
in detail the formation of the Groat Canon and its tributaries. 
The country trayersed by it is an elevated plateau, varying 
in height from fere thousand to eight thousand feet above 
the sea ; from this table-land a w^ of mountains rises on 
either side, the Sierra Nevada on the west, and the Rocky 
Mountains on the east. The two bounding ranges run 



CANON OF THE COLORADO. 417 

together both on the north and south, and in this way the 
tract becomes hemmed in on all sides by lofty mountains, 
and a great basin is formed. The western barrier is 
breached by three groat oj>ening8, through which the 
drainage is discharged by thi’ee great rivers, of which the 
Colorado is one. The distiict is all but rainless ; and, as 
all the water that is Lroiight into it by the rivers flows 
along the bottom of profound caiions, the surface is dry 
and parched, and in great part deseit. land. But this was 
not alw'ays the character of the region. The system of 
canons shows that it was once traversed by a network of 
streams, which flowed on the surface, and there are other 
reasons for believing that it was formerly well watered and 
fertile. It is not unlikely that originally the basin was 
occupied by a lake, or lakes, the waters of which w^ere 
dammed back by the western mountain barrier, and whose 
overflow escaped through shallow depressions at the same 
spots where that range is now cut thi*ough by the openings 
already mentioned. At that time most likely the countiy 
stood much lower tlian now; l)ut after awhile elevation set 
in, and, as the land rose, the notc^hes in the mountain range, 
through which the water ran out, were worn deeper and 
dee]>er, and the level of the lak(‘s lowered, till the basin was 
at last laid dry. Thus was foianed a tract of land, the drain- 
age of which passed out through the gorges M hich had in 
tlu*ir infancy given exit to the water of the lakes. Klevation 
still went on, and in consequence tlie gorges, and the river 
ohaiiiiels that emptied tlirough them, were continually being 
cut deo])or and deeper, till their present enormous depth was 
attained. One thing more was \\ anted to give the country 
its present peculiar character; rein would inevitably wash 
in t}^e sides of the chasms and f.onvei’t them fi'om canons 
into broad valleys. This result was prevented by a decrease 
in the rainfall, which may have been brought about thus. 
Before the region reached its present height, though it was 
surrounded by a btdt of hiUs, these were of too moderate 
an f Novation to intercept the clouds that passed over them, 
and moist winds therefore were able to reach the interior ; 
but when the encircling hills became converted into lofty 
mountains, tlie wind, from whatever quaver it b^^ew, was 
robbed by them of all its moisture before it reiiched the 
central plateau, and the latter 1>ecame ifed consequence a 
rainless area. Th(? gi’adual elevation of the land, then, had 
a twofold result : the rivers wore enabled to go on deepen- 
ing their channels, and rain was kept away. The canons 

£ £ 



418 


GEOLOGY. 


owe tlieir formation to the first of these results, and their 
I)reservation to the second.* 

Other Bnbaerial Bentiding Forces. — The whole araiy 
of subaerial denuding agents assist in the work of widening 
the trench-like exciivations to which rivers give rise, and in 
destroying in countless ways the uniformity of the plain of 
raarine denudation. 

A description of the mode of action of each has been 
given in Chapter III., from which the reader will be able 
to gather how each contributes its share to the general 
resiilt. The peculiar surface features duo to moving sheets 
of ice will be treated of in a separate section. 

Landslips. — Among the many ways in which subaerial 
denuding forces bring about the widening of valleys, one of 
the most important is by the formation of landslips. 

When the top of a hiU or the summit of a steep ridge is 
capped by hard, massive, hea^"y rock, beneath which lie 
softer and more yielding beds, the weight of the rock atop 
tends to crush down and drive outwards along the hill -face 
tlie soft strata below. In this way portions of the capj^ing 
are deprived of support, break oif, and slide f or topple 
over down the sloiie. Very fre<piently tliis goes on till th(^ 
whole hillside from top to bottom is strewn with shpped 
masses piled one on the top of anotlier in wild confusion. 
In every case where the above conditions are present, there 
will he a tendency to the formation of landslips, and sundiy 
other circumstances will increase this tend(in( y and render 
their formation the more easy. Firstly, the breaking off 
of the upper rock will take place the more readily, if it be 
traversed by large o])en joints. Again, if the dip of the 
beds be from the hillside into the valley, that is towards the 
side on which there is no support, the surfaces of tin* IukIs 
form indiiied plane.s, down which detached portions of ro( k 
tend to slide ; on the other hand, if the dip be into the hiU, 
there will be no tendency to slide, and landslips can he 
foraied only by the crusliing out of soft undfu’ljdng strata. 
Further, if the cap be an open porous rock, and the beds 


* For details about this extra- 
ordinary region, see the Report 
of the Exploring Expedition of 
the Ameriu.inOovermnetii (\V ash- 
ingtun^ 1861). There is a good 
ebstiact in Nature^ i. 434, afid a 
<b-i>cn])tion of the plateau in Sir 
Wynfworth Greater Hri- 

Uiu. iSee alwo Rioi, 


Sun Pictures of the Rocky 
Mou/»lain.s, chap. vii. 

t U is perhaps hardly correct 
to use ibis word, for there would 
be too nuich tiiftion to allow of 
pure sliding. Py wliat ineaixfl 
exactly the looHtmi d portions are 
enaV)k*d to move is not very cer- 
laiii, but move they do. 
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below impervious, we Lave one of the most important aids 
in the formation of landslips. The water which sinks iuto 
the upper bed descends till it reaches the impervious stratum 
below ; being there unable to penetrate lower, it runs olf 
along the plane of junction, and the moistening of tlie 
upper surface of the bottom stratum either makes the 
inclined floor, on which the mass above rests, slippery, or 
in some other way renders motion easier than it would be 
if the surface were dry. 

The section on Fig. 109 illustrates an actual case where 
all the conditions tending to the formation of landslips are 
found together. The left bank of the valley is crowned 
by a thick bed of Sandstone, which is massive and heavy, 
traversed by large open joints, and pervious to water; 
beneath it are beds of Sliole nearly impervious, and so much 
softer than the Sandstone that water can easily reduce 
tliem to a state of mud; the dip also is down into the vaUcy. 
This combination has produced the result that might be 
expected, and the whole flank is covered with large land* 
slips. On tlie opposite side, any tendency there may bt* to 



Fig. 109. — Section to illustmate the Fokmation of LAwasLii 
]. MasnMi, jointed, ^rvioxxB Sandstone. 

2. Soli, inipemous Shale. 

S. Landslips. 

the formation of landslips is counteracted by the rli}) uf tlie 
bods into the hill, and not a singht slij) has occurred. 

One or two additional wises of wcH-knon n laiidsHps tiuiy 
be noticed here. Enomious slijis occur round th(< ba.saltic 
plateau of the noilh-oast of Ireland. The cup f)f this table- 
land is a sheet of massive Basall, seven huiidrod or eight 
hundred feet in tliickness ; beneath this comes ( hulk, whi.h 
rests on Marl or Shale, Those lower beds are softened ]»y 
percolating water, and crushed f>ut by the weight abov(\ 
Landslips on a large scale tak(^ place on the liorsotsliin^ 
coast. Tlie section of the clifls is — 

4. Chalk. 

3. ISaudstone with Chert. (100 to loO f(‘et.) 

2. Loose incoherent Sand, willed Fox Mould. (IdO 
to 200 foot.) 

1. Lias Clay (inipendous). 
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The three upper beds are pervious, but the Vater is 
stopped at the Lias Clay. Tlie loose Fox Mould is untler 
no circumstances very well able to support the weight of 
the beds above, and when it becomes full of water it is still 
further weakened, and portions of it washed out along the 
face of the cliifs ; the dip also is seawards. There is every- 
thing, therefore, favourable to the production of landslips, 
and they occur on an enormous scale.* 

The picturesque undercliff of the Isle of Wight owes its 
wild and rugged outlines to the piling one upon another of 
landslips, wmch have from time to time broken off from 
the cliis and hillsides above. The section of the solid hiU 
face shows — 

( 3. Chalk. 

Pervious. < 2. Sandstone, Sand, and Sandy Clay. (150 
( feet.) 

Impervious. 1 . Gault day. 

The beds dip seawards, and the surface of the Gault day 
is rendered so unctuous and slippery by the water which 
reaches it through the overlying strata, that sliding readily 
goes on. The caiise is so obvious that the Gault goes 
locally by the name of the Blue Slipper.^’ 

The masses detached by landslips are more or less 
shattered, and hence fall a prej^ to atmospheric destruction 
more readily than when they formed part of a solid rock ; 
thus landslipping becomes a very efficient aid in widening 
those valleys along whose flanks it goes on. 

Basin-shaped Lie of Outliers. — One more fact in con- 
nection with landslips calls for notice. It will be found to 
be very generally the case that, where a hilltop is capped 
by an outlier of rock, the dip is on aU sides into the hill. 
The reason of this is that the inward dip hinders the 
formation of landslips, and so contributes to tlie preserva- 
tion of the outlier. An outlier, whose bods dipped from 
the centre outwards, Tvould, if other conditions were favour- 
able, shed off landslijDs aU round, and would thus be soon 
carried away altogether. The above rule is so very general, 
that the mere occurrence of an outlier on a liilltop affords 
strong pre8umj)tive evidence that the bods of the hill lie in 
a basimf 

♦ See a detailed account of a t Euskin, Modern Painters, 
vfexy large slip at Axmoiith, by vol. iv. chaps, xiii., xiv. ; Topley, 
Messrs. <Jonyboaro and Bucklana Geol. Mag., iii. 438. 

(Murray, 1840), and Ly ell's Prin- 
ciples, lOlh i. ed., o3G. 
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Steps in the Formation of the Bnrfhoe. — ^Having 
now seized on the principal result of the action of different 
denuding agents, let us try if we can picture to ourselves 
the steps by which a mass of rock formed beneath the sea 
is converted into a land surface diversified by hill and 
valley. First came the upheaval, and this we have seen 
was effected by a bending of the originally horizontal strata 
into a series of arches and troughs, the former of which 
gave rise on emergence to tracts of dry land. But the 
result was not accomplished without a struggle ; whenever 
one of these broad-backed masses reached the surface of 
the water, it came within the range of marine denudation. 
The waves attacked it and pared it away,, and, as it 
was slowly lifted up, slice after slice was planed off the 
top. Thus a constant battle went on between the two 
opposing forces, the one striving to raise the submerged 
mass beyond the reach of the waves, the other wearing it 
away down to the sea-level as fast as it got its head above 
water. But at length the up-arching movement gained the 



Fig. 110 , — Sbction across a Country after the Formation or a 
Plain op Maiune Denudation. 
a a. Sealercl, 


mastery, and a tract of dry land was established. Since 
this land had been formed by the planing away, one after 
the other, of horizontal slices from the back of the arch, its 
surface must have been nearly level ; but since it owed its 
existence to a bending up of the beds, it would probably 
be slightly higher in the middle than at the mar^s ; and 
the slope either way would be in the same direction as the 
dip of the beds. 

Hence the eurface of the new-lom land would cmsist of two in- 
dined planeBf meeting along the crest of the arch, and sloping thence 
gently down to the sea-level; and the inclination of the surface 
on either side would he in the same direction as the dip of the beds. 

This was the first step of the process, and, when it was 
completed, a section across the country would be sudi as is 
shown in Fig. 110. 

The tract of dry land thus established is placed beyond 
the reach of the sea, only to be subjected to the action of 
subaerial denudation, and we must next inquire how it 
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. be modified by atmospheric wear and tear. First, rain 
streams over it, and seizing on any little inequalities becomes 
collected into cJiannels. Since these channels must follow 
the slopes, and the ground slopes either way with the dip of 
the beds, it is easy to see that the earliest watercourses will 
run in the same direction as the general dip of the count^3^ 
Moreover, because these channels are formed by river 
action, they will tend to be trenchlike in shape. 



Tk^ second step thm consists in the formation of a series of 
french-dike ricer chmneU running in the direction of the dip. 
The valleys thus formed cut across the outcrops of the 
beds, and are hence called Transverse Valleys. 

Fig. Ill is a bird’s-eye view of a country, showing in a 
diagrammatic form one of these trench-like valleys {A B)^ 
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cutting across the strike of the beds, which come to the 
surface along the lines cd^ CD, ef^ EI\ and dip towards 
the spectator. 

But these first-formed valleyis cannot long keep their 
trench-like shape. Atmospheric action, we have seen, 
gradually broadens them, and it has been further j)ointed 
out that the process goes on much faster in some rocks 
than in others, so that along the outcrop of certain beds 
the valley is widened at a more rapid rate than along 
that of others. Hence arises that ^temation of broad 
valley and strait gorge which is so constant a feature in 
valley contour ; and from a continuation of the same pro- 
cess still more im^^ortant modifications result, which we 
now proceed to notice. 

In Fig, 111, suppose that AB represents a transverse 
trench, and that, among the beds which it cuts across, c d 
and e f are more easily denuded than C D and E F; the 
widening of the trench wiU go on faster in the first pair 
than in the second ; where it crosses C B and E F the 
steepness of its sides wiU be destroyed veiy slowly, but 
whore its walls are formed oi cd and e /, its edges be 
more rapidly worn back, and little recesses will be formed 
in the face of the trench. The continual washing in of the 
soft strata wUl deepen and extend these recesses, and they 
wiU creep step by step outwards along the outcrop of sucli 
beds, assuming in succession positions such as those marked 
by the dotted Unes 1 , 2, 3, 4, 

A veiy little reflection will show that this becomes in the 
end equivalent to the formation of two branch valleys run- 
ning along the outcrop of the stratum e /, the streams drain- 
ing which become feeders of the original transverse river. 

Here, then, we have arrived at the third step in the 
process of vaUey excavation. It eonsuts in the formation of 
mlleys branching out of the firsUfornied transverse valleys, and 
running along the outcrop of the more easily denuded beds. 

The valleys thus formed, because they follow the strike, 
are distinguished as Longitudinal Valleys, 

We have for distinctness’ sake spoken of the three steps, 
the Formation of the Plain of Marine Denudation, the 
Excavation of Transverse Valleys, and the Wearing back 
of Longitudinal Valleys, as having taken place one after 
the other. In reality tlie last two, and to some extent aU 
tliree, go on together. The result, however, will be evi- 
dently the same as if each step had been finished before 
the next was begun. 
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Valleys detemined by Joints.— If there he no great 
inequality in tlie rate at whicb the ditferent rocks yield to 
denudation, tributary valleys will still be formed, but their 
position and direction will be determined by some other 
circumstances. For instance, if the rocks are well jointed, 
master joints will be lines of weakness, well calculated to 
be widened by atmospheric erosion, so as to give a start 
to a line of v^ey. 

Valleys determined by Faults. — ^Faults, too, in a 
similar way sometimes determine the lines of valleys. 
Where hard and soft rocks are brought side by side by a 
fault, the latter are worn away more largely than the 
former, and a valley results. Such valleys, like the faults 
which give rise to them, usually run approximately in 
straight lines. It must be carefully noted that in such 
cases faults may be said to produce valleys only in so far 
as they give rise to conditions which cause denudation to 
act unequally : they are only the indirect originators. No 
case is known where the fissure of a fault is a gaping 
chasm, such as would form a valley without the aid of 
denudation. 

Qualifications. — The somewhat hard and rigid classifi- 
cation of valleys which has been just given, and the 
explanation wliich has been attempted of the way in 
wliich each kind arose, is of course true only in a very 
general way. It is a broad and, so to speak, diagrammatic 
description, in which the main characteristics only are 
retained, while many minor details and divergences from 
the general scheme are left out. Thus, there are valleys 
which are neither transverse nor longitudinal, but have 
had their directions determined by causes, two of which 
have been just mentioned, other than the lie of the beds. 
Other valleys again partake of the character of both kinds, 
running paralld to the strike for parts of their course and 
crossing it in other parts. Such valleys can frequently be 
shown to have arisen in a manner wliich Fig. 112 will 
exjdain. The fine parallel lines represent the outcrops of 
the different rocks, and A If C ia a stream, which from A 
to 19 is longitudinal, but at the latter part turns suddenly 
and assumes the character of a transverse river. In such a 
case we usually find an upward continuation, If i>, of the 
valley, 19 (7. This is now so small in comparison with ^ A, 
tliat it is looked upon as a tributary ; but it is likely that 
the valley system at first consisted of a transverse gorge 
only, of winch D B formed the upper and B C the lower 



VALLEYS. 


426 


part, and that B A was originally a longitudinal tributary 
subsequently formed. The growth of the portions A B, 
B Cf has however been more rapid than that of B J), and 
hence the latter has become insignificant and sunk to the 
rank of a tributary, and the original feeder, B A, has, on 
account of its faster growth, reached a size which causes 
it to be regarded as a part of the main stream.’^ 

Exceptions to our scheme, such as those, doubtless occur; 
but if they are allowed for, it will be found to be in the 
main a true and useful classification. 

We must indeed bear in mind that in each individual 
case peculiar conditions give rise to peculiar modifications 
of the broad character of both valley systems. And when 


u 



Fig. 112 , — Plan op a KivBR Valley, partly Lon61tui>inal 

AND PARTLY TRANSVERSE. 

the geological structure is very complicated and has been 
produced by a long succession of upheavals and denuda- 
tions, it may be difficult, perhaps impossible, fully to see 
one’s way through the long chain of events that have had 
a share in the production of the surface ; but in very many 
cases the description just given w^ill be found to apply 
.fairly well to the present arrangement of hill and valley, 
and traces of the three different processes that have been 
mentioned as contributing to its formation may stiU be 
detected wdth more or less of certainty. 

Final Beanlts of Snbaorial Benudation. — ^Now that 
we have formed a notion of the way in which hills and 

♦ This explimation was gpven rivers in the south of Ireland, 
by the late Mr. Jukes to account Quart. Jour, Geol. Soc., xviii. 
for the erratic behaviour of some 378. 
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valleys come into existence, we may carry oiir inquiries 
a step furtlicr, and ask what is the restilt of the action of 
subaerial denudation on the features which it creates. 

As long as rivers have sufficient fall, they continue to 
cut down their channels ; and though the hilltops and 
plateaus are at the same time being gradually lowered, 
yet the first process goes on so much faster than the second 
that the inequalities of the surface continue for a long 
time to be not only preserved but even increased. But if 
there bo no unequal elevation of the land, there will come 
at last a time when the continual lowering of the bods of 
rivers has so far decreased their faU that they are no 
longer able to deepen their valleys ; and when this has 
come about, each river will meander from source to mouth 
over a flat raised but little above the sea-level. Atmo- 
sphenc wear, however, will stdl continuo to act on the 
suiTounding hills and sweep the waste of them into the 
rivers, which boar it away, and so in time they too wiD be 
cleared ofl. Thus the final result of atmosi>horic denuda- 
tion is to destroy the features which itself gave rise to, and 
the end of its a(‘.tion is to piano ovoryihing down to a uni- 
form level. It may be that some of the level surfaces, which 
seem to have preceded the present arrangement of lull and 
valley, have arisen from the long-continued action of sub- 
acrial wear, and not from marine denudation. 

The considerations Just stated show that, in the case of 
an Tin conformity, the denuded surface of the lower group 
may have been produced in three different ways, llenu- 
dation may have been arrested, by the rocks being again 
submerged, as soon as the formation of a plain of marine 
denudation was complete. Or submergence may have 
been deferred till subiierial wear had cut out hills and 
valleys. Or, lastly, tlie older rocks may have remained 
above water long enough to allow tliem to be worn down 
by long-continued subaerial wasting to a flat smffacG. In 
the first and last cases the floor on which the newer rocks 
rest win be fairly level ; in the second it wiU be strikingly 
uneven, and the tipper gproup will fiU up its depressions 
and level over its inequalities. 

Anomalous Behaviour of Bivers explained. — ^The 
theory of the formation of valleys just given enables us to 
account for some very puzzling points in the behaviour of 
rivers, which may be conveniently stated and explained 
here. 

The anomaly to be got over is this. Wo frequently find 
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a country traversed by a number of hiU ranges running 
parallel to each other and separated by broad valleys, . In 
such a case we might expect to find the principal streams 
running along the valleys between each two consecutive 
ridges. Just the very contrary, however, is the case ; 
the main rivers cut in a most marked way across ridge 
after ridge, traversing each in a narrow gorge-like valley, 
and the waters that drain through the valleys between 
the ridges empty into these trunk streams. To use a 
common expression, the great rivers run across the 
grain” of the country, and the streams that flow with 
the grain” are only tributaries; in other words, the 
principal drainage is transverse,” the tributary streams 
are ^‘longitudinal.” We need not go far from home to 
find instances. Two such ridges cross in almost unbroken 
lines the south-east of England : one, formed of a group 
of hard Limestones, distinguished as the Oolitic formation, 
extends from Gloucestersliire to Lincolnshire ; another, 
composed of Chalk, stretches from Dorsetshire to the coast 
of Norfolk. A broad plain spreads out to the north-west 
of the Oolitic range, and another great flat lies between 
the two ridges. Each of these ridges, too, presents a steep 
face to the north-west, and falls away with a long gentle 
slope in the opposite direction. Nothing would seem 
more natural than that the two hill ranges should act as 
watersheds — ^that the brooks streaming down the south- 
easterly slope of the Oolite range, for instance, should bo 
carried off by a river running at the foot of the Chalk 
escarpment. Nothing of the sort occurs ; a large portion 
of the main-drainage is carried off by rivers which run 
directly across one or both of these ranges. Thus the 
Witham, the Welland, the Nen, and the Great Ouse all 
rise on the plain to the west of the Oolite range, and each 
in succession cuts across this ridge and discharges into the 
Wash. The most marked instance of a transverse stream, 
however, is furnished by the river which is called the 
Churwell above Oxford, and the Thames below that city. 
It springs in the plain to the north-west of the Oolitic 
escarpment, cuts through that escarpment, continues its 
course over the flat between the Oolitic and Chalk ranges, 
and then breaches the latter, cutting across it in a direction 
almost at right angles to its general trend, A word of ex- 
planation as to the case is perhaps required. If we adopt 
the usual nomenclature of geography, we should say tliat 
the Thames rises in the Cotswold HiUs, flows in a longi- 
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tudinal oast and west valley to Oxford, then turns suddenly 
to the south and cuts transversely across the Chalk range. 
The explanation, however, of cases like this, illustrated oy 
Fig. 112, will apply here. The transverse gorge of the 
Thames below Oidord is so clearly a continuation of the 
valley of the Churwell, that we must look upon the two as 
constituting together the original transverse trench with 
which the drainage system began ; and the portion of the 
Thames*valley above Oxford is as clearly a longitudinal 
feeder excavated subsequently in the manner already de- 
scribed. As one more instance, we may mention the Stour, 
which rises on the low ^ound to the north-west of the 
Chalk ran^, and cuts directly across that ridge to enter 
the sea in Poole Harbour. 

Another veiy striking instance is furnished by the Weald 
of Kent and Sussex. This is an area surrounded on the 
north, west, and south by a lofty range of Chalk hills, with 
their steep sides facing inwards. Starting at Folkestone, 
we trace this girdling ridge along the North Downs to 
beyond Guildford; it then bends south, and, afterwards 
turning east, runs along the line of the South Downs 
to Beachy Head. Between the last point and Folkestone 
the coast is low and flat, and there is no barrier separating 
the interior from the sea. In a district hemmed in in thie 
way on three sides, and open to the sea on the fourth, we 
might expect to find the drainage passing away in the last 
direction and escaping by what seems its natural outlet. 
But just the reverse is the case. The streams that enter 
the sea between Beachy Head and Folkestone are few, 
short, and insignificant; the princmal rivers rise in a 
central dome of high ground and flow north or south, 
escaping through narrow valleys that breach the barriers 
of the North and South Downs. Here, again, the trunk 
streams are transverse,” the feeders longitudinal.” 
Among the streams that in this way breach the North 
Downs are the Medway, the Mole, and the Wey ; the 
Arun, the Adur, and the Ouse in ihe same way set at 
naught the barrier of the South Downs. 

The Isle of Wight again furnishes other remarkable 
illiistrations of the disregard of rivers to the present con- 
tour of the ground. It is traversed from east to west by 
a strongly defined ridge of high ground formed of Chalk, 
the country both to the north and south being sensibly 
lower than the ridge. But the ridge is not, as might 
be expected; the watershed of the island; by far the 
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larger portion of the drainage is carried off by three rivers 
— ^the &ading Brook, the Medina Biver, and the Yar, All 
of these, notably the last, take their rise near the southern 
coast, flow steadily northwards, pass through gaps in the 
Chalk range, and enter the sea on the north side of the 
island. Instances might be multiplied without limit. 
Wherever we study the relation of river valleys to the 
present physical geography of the country they traverse, 
we find them, big and little alike, playing the same trick, 
and forcing their way through hiU ranges every way calcu- 
lated at first sight to bar their progress. 

The view in Fig. 107 will ^ve an idea of the way in 
which a range of hills is breached by a river valley. The 
stream is flowing from the spectator ; it meanders over a 
broad undulating country till it reaches the line of bold 
liills in the distance, which rise like a wall from the flatter 
ground in front ; and then, instead of being turned aside 
by this barrier, it cuts across it, running on in a narrow 
gorge. 

Such are the facts which we have to explain, and the 
explanation resolves itself into finding out how the gorges 
which conduct rivers through hiU ranges were formed. 

The rough-and-ready way out of the difficulty, generally 
accepted in the eaily days of Coology, was that they had 
been tom open by convulsions. In no instance could tliis 
be proved to have been the case, and in most this explana- 
tion could be shown to be directly in the teeth of the facts. 
The strata on opposite sides of the gap exhibit no signs 
of violent disturbance, and the river may be in many cases 
observed to flow over a bed of solid, unruptured rock. 

Indeed, one explanation alone is admissible: the gap, 
like other valleys, has been cut out by a river flowing 
t hrough it. 

If this be granted, it is perfectly clear that the river 
must have begun to run when the surface configuration of 
the country was altogether different from what it is now. 
For, suppose we endeavour to take water in an oijen con- 
duit across the country shown in Fig. 107, from a reservoir 
in the foreground, on reaching the distant ridge the con- 
duit would have to take a turn and be carried along its 
foot. A river is only an open conduit, and hence any river 
that began to run when the surface is such as it is now, 
must turn aside on reaching the ridge in the same way. 

But the explanation will be perfectly easy if wo sup- 
pose the birfh of the river dates from a time when the 
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present inequalities of tlie ground had not yet come into 
existence. 

If tlie reader will recall the account given a little way 
back of the growth of hills and valleys, he will recollect 
that there was a time when the surface of the country was 
a plain as high, or somewhat higher, than the top of the 
ridge. It was then that the river began to flow, cutting, 
as has been pointed out, a trench across the plain. In the 
meanwhile atmospheric denudation was at work, wearing 
down the country on either side, the stream carrying away 
the waste as fast as it was washed in. 

But it must be borne in mind that, though the deepening 
of the channel could not go on faster in the soft than in 
the hard rocks, the country at large was worn away much 
more rapidly in the first than in the second. Where 
the river ran over a tract of easily denuded rocks, the 
general level of the surface on eitlier side was lowered 
nearly as fast as the river channel was deej^ened, and the 
result was a stream flowing through a broad flat raised 
only slightly above its banks. But whore a bolt of less 
destructible rock was crossed, the general degradation of 
the surface wont on much more slowly, and from this two 
results followed. First, the sides of the channel were but 
slightly modified, so that the valley retained to some dc'grc^e 
the trenchlike form with which it started, and remained a 
gorge or narrow glen. Secondly, in virtue of their superior 
power of holding out against denudation, these rocks re- 
mained standing up in a band of lofty ground above the 
flat formed by the removal of softer strata. 

In this way, by the gradual deepening of the cliannel of 
the stream, and the unequal lowering at the same time of 
the surface along different parts of its c^ourse, the broad 
flat, the hill range, and the gorge were produced by a con- 
nected and mutually dependent set of operations. 

History of the Idea of Snbaerial Benudation. — The 
tlieory that all the lesser inequalities of the earth’s surface 
are due to subacrial denudation is now very generally 
adopted in this country, and is gaining ground among con- 
tinental geologists. But though this \dew is by no means 
new, it is only of late years that it has mot with anytliing 
like general approbation. Men for long refused to believe 
tliat results apparently so great could follow from causes 
seemingly so iusignificaiit, let them act as long as you ; 
or ratiim*, they preferred to save tliemselves the trouble of 
investigating the nature and capabilities of those forces by 
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attributing the formation of valleys to causes the existence 
of which was purelj’^ imaginary, or to agents which a little 
inquiry would have shown w^ere totally inadequate to the 
task. The earlier si)eculators supposed valleys to be rents 
and fissures tom oi)en by convulsions, the like of which 
had never^come witliin man’s experience ; and, in spite of its 
manifest contradiction to observed facts, the notion for a 
long time held, and in some quarters still holds, its ground.^ 
Mountain chains were imagined to have risen with a bound 
from the sea-bed, and thrown off gigantic waves, which 
ploughed deep into the ground and scattered its debris far 
and wide as they rushed madly over the country. A step 
was gained when these wild dreams were abandoned, and 
it was realised that the inequalities of the surface had been 
carved out by denudation. But even then only one-half of 
the truth was seen, for geologists for a long time persisted 
in attributing the whole of the work to the sea. A very 
slight amount of observation would have taught that 
marine denudation tends to efface rather than produce 
surface inequalities ; but the supporters of this view w’cre 
quite content with a vague idea that the sea had done it, 
and did not trouble themselves to exi>lain exactly how. 
Tlius a host of vain imaginings was for a long time preferred 
to the simple explanation to which a study of nature leads 
us. The whole truth was first thoroughly seized upon bj'* 
two of the masterminds of the science — by Hutton in 1795, 
and by Scrope in 1826; and the latter, by an apT>eal to 
the district of Auvergne, triumphantly refuted the objec- 
tion that subaciial agents were not (jompetent to perform 
the task assigned to them. That country has been formerly 
the scene of volcunic activity on a large scale, and many of 
the cones ar(i still standing in a fair state of preservation. 
Noav these (^onos are composed of such friable materials, 
that submergence beneath the sea would inevitably sweep 
them away altogether. It is therefore quite certain that 
the country has never been overflowed by the sea since tlie 
eruptions took place, and tliat any <lianges in its surface 
(teufiguration, whic^h can be proved to have bejeu produced 
siu(*e that date, must bo due to subaerial action alone. 

11 cii changes can be proved to have oticurred in numerous 
instances ; for example, Mr. Scrope pointed out (jases where 
an old vjilloyhad been dammed across or tilled up by a lava 
stream, and where the barrier had been cut through or the 
valley excavated afresh. By iHsasoning of this kind he 
eslablisliod beyond demur, in that particular case, the 
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ability of sixbaerial agents to effect all that the theoxy re-^ 
quires of them ; and what they can do in Auvergne, they 
are just as well able to do everywhere else. 

SECTION ITT.— HOW THE CHAKACTER ANT) LIE OF THE 
TTNDFJILYING ROCKS AFFECT THE SHAPE OF THE 
GROUND. 

We have already had to notice that the relative power of 
roc'ks to resist denudation is an important element in de- 
teriiiining some of the leading features of the surface. In 
this section we will treat this part of tlie subject more fully. 

Relative Hardness. — The character which exercises 
more influence, perhaps, than any other in this aspect is re- 
lative hardness and softness. Hard rocks are able to hold 
out against the wearing action of denudation better than 
soft rocks. Hence districts formed of hard rocks stand uj) 
more or less boldly and ruggedly in high ground. The 
country occupied by softer rocks is h v/or, tamer, and more 
uniform in outline. This is well brought out in Fig. 113, 
wliich shows the main features of the country along a line 
from Snowdon to the east coast of England. 

Od the west rises the mountain district of North Wales, 
foiTue^d of old, veiy much hardened rocks, named Silurian. 
Then follow s a broad, gently undulating tract of low ground 
occupied by softer strata, "known as the New^ Ited Sand- 
stone, wliich have been only slightly tilted from a horizontal 
|>osition. To tho east of this plain a boss of lofty ground 
marks the position of tho Derbyshire hills ; th^se owe their 
elevation to the fact that they are composed of a hard group 
of rocks, known as the Carboniferous, wdiich have been 
brought up from beneath tho New lied Sandstone in a 
broad anticlinal fold. Descending tho eastern hank of the 
Derbyshire plateau, we find its beds dipping beneath the 
New Bed Sandstone, and pass on to a flat identical in (cha- 
racter with that formed by the same formation on the west. 
After a while the New Bed Sandstone begins to be covered 
up by other formations, known as the Oolitic and Creta- 
ceous ; and w here the harder rocks of these groups come to 
the surface, the ground rises into long terraced ridges. 
The 6e(^tion shows tliree tracts of lofty uneven ground, 
and districts of low and flat ground ; and in each case 
elevation and ruggedness go along with hardness in the 
underl^dng rocks, and a low level and evenness of outline 
with a substratum of soft r(x?k. 
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The view in Fig. 106 also illustrates this general truth ; 


the softer rocks in the fore- 


ground give rise to a low ^ 
undulating tract ; while the ? 
hard limestone stands up ^ 
in a line of hold hills. | 
Another veiy striking in- | 
stance of the way in which ^ 


hard rocks give rise to pro- . 
j acting eminences is shown 1 
in Fig. 114, which is a view S 
of two hills called Park and g 


Chrome HlIIb, near Long- 3 
nor, on the borders of Der- 
byshire and Staffordshire. ^ 
Here the main mass of the § 
Carboniferous Limestone g 
rises at a steep angle from ^ 
beneath a body of very ^ 
much softer Shale, and 
forms a tnble-land, the face 
of which overlooks like a 


wall the flat country occu- g 
pied by the Shale ; in fact, g 
wdiat we usually get along g 
the line of junction is just ^ 
such a view as is shown in g 
Fig. 106. In the case now 
before us, however, this 
very simple type of land- 
scape is diversified by the 
presence in the middle of 
the Shale flat of the two 


(jonspicuous peaks shown in 
the sketch. A portion of the 
limestone wall is seen in 


the background, and well • 
in advance of it the hills | 
stand up like outworks in 
front of a rampart. I can 
recollect being very much 
puzzled, when I first saw 
these hills from a distance, 
to account for their isolated 



position, but a closer examination made all clear. Each con- 
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ftists of a mass of Limestone, rougMy triangular in plan, 
wMcli has been brought up by faults in the middle of tlie 
Shale, The soft rock has been yrashed away by subaerial 
wear aU round, and two pyramid-shaped eminences of 
limestone have been left standing up. At the bottom of tha 
figure there is a section fiujross both hills ; the surface, when 
subaerial denudatioUibegan its work, may have been some- 
where about the dotted fine ab; aR between that line and 
the present surface has been removed, and it is easy to see 
that the occurrence of the two isolated hiUs is due to the 
fact that the soft Shale has been carried away to a much 
larger extent than the hard Limestone. 

Other Qualities which enable Kocks to resist Denu- 
dation. — ^But it is not always the hardest rocks that best 
resist denudation ; Chalk, for instance, is by no means a 
hard rock, but it stands up boldly in conspicuous hills above 
Clays almost, if not quite, as hard as itself, in a way that 
shows that it has something about it which enables it to 
hold its own against the wear and tear of atmospheric 
agents better than the Clays. Probably the property whicdi 
produces this result is the extreme porousness of the rock — 
all the water that falls upon it is at onco sucked in, and 
there is scarcely any flow over the surface to produce ero- 
sion ; the Clay, on the other hand, wliich has suffered so 
much more largely, admits no water, and hence a large 
portion of the rain which its surface receives is available for 
denudation. Thf3re is a fact pointed out to me by Mr. C. E. 
Homersham which bears out tliis view. When we pass off' 
the Chalk on to the adjoining district of London Clay, we 
find that the bridges become all at once larger, and that 
where a road crosses a flat liable to floods the flood-arc^hes 
are more numerous and wider. The contrast is very strik- 
ing, and proves how much larger the surface-flow of water 
is over the latter rock than over the former. 

Another illustration of the principle we are now con- 
sidering is furnished by the section on Fig. 113. It will 
be noticed that there is a slight depression in the middle of 
the Derbyshire hills ; the boss is mgher at the edges than 
in the centre. But the rock which comes to the surface 
over this sunken space is by far the hardest of the group 
that makes up the high ground. The probable reason why 
it has not the superior elevation to which its hardness 
would seem to entitle it, is that it is a Limestone, and 
therefore^ is dissolved away chemically as well as worn 
away mechanically, while the beds above it are Sandstones, 
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■w’hose destruction is mainly effected by mechanical means 
alone. 

Examples like tliis teach us that the rock which makes 
the boldest feature is not necessarily the hardest, but 
the one which can best resist denudation, to whatever 
quality that power is due. 

Difference between Besnlte of Marine and Snbae- 
rial Denudation. — So far we have dealt mainly with denu- 
dation in general in this section ; but it is instructive to note 
how the results, which depend on the qualities we have been 
considering, vary according as the agent employed is the 
sea or subaerial forces. The effects of marine denudation 
are seen in the shape of the coast. It cuts horizontally ^ and 
those rocks wliich are best able to resist it, show their power 
by running otit into promontories and headlands, whue the 
more yielding strata are worked back, and give rise to bays 
and inlets. Subacrial denudation acts on inland districts, 
and cuts vertically ; and by it the easily denuded rocks are 
worn dcnvn into jdains and* valleys, while the strata which 
give way loss readily stand wp in hills and ridges. 

Both cases are seen side by side in the Isle of Wight. 
If the reader turns to a geological map of the island, he 
will see a belt of (!)halk, a rock v hich we have seen resists 
denudation, running across the middle of it from east to 
west ; the rocks overling the Chalk to the north, and those 
underlying it to the south of the belt, are both of a more 
jdelding character. The Chalk shows its superior powers of 
resisting the horiwntal planing of marine denudation, by 
jutting out farther to sea than the beds above and below it 
into the bold headlands of Culver Cliff and the Needles. 
Inland it gives proof of its ability to hold out against the 
vertical action of subacrial denudation, by standing up 
higher than the beds on either side in a bold ridge, that 
stretches athwart the island between these two projecting 
points. 

IKect of Natural Planes of Division. — Joints and 
olher natural planes of division exercise an important in- 
fluence on the shape' of the stirface. They admit water, 
and determine the lines along which it acts vrith greatest 
efficiency ; and when their fluid contents are expanded by 
frost, it is along them that portions break off. Hence, in 
well- jointed rocks, valleys will tend to become gorges and 
hillsides to become precipitous. This is well illustrated by 
the view in Eig. 115, which represents a valley in the Mill- 
stone Grit district of Derbyshire. The bold line of mural 
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preoipie^os wlxicli crown the flanks on either side com- 
posed of a hard Giitstone, while the gentler slopes below 
are occupied by softer alternations of Shale and Sandstone. 
This difference in the character of the rocks would alone 
h^ad to considerable difference between the indination of 
the upper and lower parts of the sides of the valley ; but 
tlie cliffs at the top owe their marked steepness and but 
tressed face to the fact that the capping rock is traversed 
by two sets of long regular joints, neaiiy at right angles 
to one another. As the Grit is undermined by the wea- 
thering out of the soft underlying beds, jx^rtions become 
deprived of support and break off along these joints, 
and hence the upper part of the hillside assumes the form 
of a vertical cliff, the face of which is from time to time 
renewed, and kept always sharp and clean. That this is 
the method of the formation of the feature is clearly seen 
when we examine the sides of the valley. At the foot of 
the present cliff we find a talus of blocks which have 
evidently been detached veiy recently ; but these proofs of 
the work of destruction are not confined to this part of the 
lifflside ; the slopes all the way down are thickly strewn 
mth huge masses of gi’it, perfectly angular, and, except that 
they show a little more signs of weathering, in every way 
sinular to the freshly fallen blocks at the top. These, there 
can be no doubt, are the ruins of old escarpments, and indi- 
cate successive positions of the cliff while it was being 
worked back to its present line. These loose blocks are so 
numerous that they furnish ample materials for walls and 
buildings, and do away in great measure with the labour of 
quarrjHmg. They are distingniished from the stone raised 
in quarries by the name of Day-stones.’^ 

It is denudation, guided by natural pianos of division, 
tliat has given rise to the isolated pinnacles of rock that 
occur BO frequently both inland and on the sea-coast. Wo 
have chosen two instances, on© formed hy subaerial, the 
other by marine denudation. The first, shown in Eig. 116, 
is a tall spire of Limestone standing in one of the I)erby- 
shire dales. Fig, 117 shows the way in which it was 
formed : the rock is traversed by two sets of joints ; carbo- 
nated water passing through these dissolves the Limestone 
and widens the fissures. By the enlargement of one set of 
joints a number of buttress-shaped projections jutting out 
from the hillside are produced. A smmar operation acting 
along the other set of joints cuts up these buttresses into 
pinnacles. Some of the buttresses shown are in the first 
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stage, the most distant has already begun to be subdivided 
into pillars. 

Our other instance is the Needles of the Isle of Wight. 
The Chalk, of which these are composed, has been tilted 
till its beds are nearly vertical, and it is also traversed by 
joints perpendicular to the bedding. The waves, aided by 
subaerial agents from above, have worked their way along 
these two planes of division, and severed several blocks of 
the rock from the main mass in the cliff. The faces on 
wliich the light falls are formed by planes of bedding, the 
slight deviation of which from the vertical gives the Needles 
their overhanging position ; the faces in shadow are joints, 

Effect of the Job of the Beds on the Shape of the 
Snr^tce. — It is easy to see that the inclination of the beds 
is an important element in determining the shaiie of the 
ground. Consider two areas of equal extent, over one of 
which the beds lie flat, while in the other they are inclined 
to the horizon. In the case of the first, when marine denu- 
dation ceased to act, the surface was formed everywhere of 
the same rock ; it would therefore he lowered every where at the 
mnw rate hy subaerial denudation, and the result would be a 
sameness of feature and a tendency to the formation of a 
])lain or table-land. If the rock composing this fiat is hard, 
the valleys cutting across it will keep a narrow, steej)- sided 
iToss-section, will be trenches in fact that from a broad 
]>oint of view will not interfere with its general ]>lateau- 
like character ; but if the underlying rock be soft, the river 
trenches will be gradually opened out into broad valleys, 
and this widening may go on till the X)lateau-like character 
of the ground becomes entirely de 8 tix)yed, and its former 
existence can only be inferred by noting that the ridges 
separating the valleys are all very nearly of the same 
height. 

if we now turn to the other area, where the beds are 
tilted, we see that the surface is formed of a succession 
of rocks, differing in hardness and other qualities ; it will 
therefore be lowered unequally hy suba^iai denudation, and 
the result will be variety of feature and a tendency to the 
formation of hills and valleys. 

Escarpment and IHp- slope. — Such ore the broad 
general facts. When we come to examine more in detail 
the 8ha2:>e and character of the features of a country com- 
posed of alternations of hard and soft rocks dijming at 
moderate angles, we find them to be as follows. The out- 
crops of the harder strata are marked by ridges running 
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parallel to the strike ; the ground occupied by the softer 
beds forms vaHeys or plains. Further, there is in most 
cases a marked difference between the slope of the two sides 
of a ridge formed by the outcrop of a hard member of a 
group of bedded rocks. On one side it presents a steoj) or 
vertical face, on the othm’ it falls away in a long gentle in- 
cline. The next thing we notice is that the steep faces are 
aU turned one way, and the gentle slopes all the other way ; 
the first all look towards the quarter to which the beds rise, 
the latter are inclined in the same direction as the dip. and 
frequently at almost the same angle. Hence the latter 
go by the name of Dip-slopetf^ while the steep sides are 
distinguislied as Esca/rpnm^ts, 

In the view and section in Figs. 119 and 120 we have a 
very marked instance of the kind of feature just desci*ibed. 
There are two ridges running roughly parallel to one an- 
other, and in each the side turned away from us is steep, 
and the side facing us is a broad flat surface, sloping gently 
down towards the spectator. The section shows how these 
features are related to the lie and character of the rocks ; it 
runs from the highest point of the distant ridge across the 
summit of the nearer ridge on which a group of trees is 
perched. We see at a glance that the steep fronts look in 
the direction of the rise of the beds, and that the long 
gentle slopes fall away in the same direction as their di]>, 
and nearly with the same inclination. Further, the rocks 
which form each escarpment (2) and (4) are hard Sand- 
stones ; and beneath each of these lie more yidding Shales 
(1) and (3), over tlie outcrop of which the slope becomes 
more gentle. The dip-slope of the more distant ridge is 
broad and very conspicuous, that of the nearer ridge, 
though narrower, is r(*markable for the singular even- 
ness of its surface. The bed (4) is a somew hat massive and 
well- jointed rock, and hence the escarpment formed by it is 
abrupt and craggy. 

The facts just described are strictly in accordance with 
tlie theory already put forward as to the origin of surfa(;e 
inequalities. It was shown that, when a transverse trench 
had been cut across a plain of marine denudation, its sides 
would be worn back wherever it crossed a band of easily 
denuded strata, and in this way longitudinal valleys would 
be formed running along the outcrop of the softer rbcks. 
Tlie valleys in the present instance are longitudinal, for they 
follow the outcrop of the belts of soft shale, and they are 
ioand to empty themselves into transverse streams. Let us 
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],ook a lit lo more closely at the steps by which this veiy 
characteristic outHne has been produced. Let Fig. 121 re- 
present a portion of one side of the transverse trench, the 
dotted line at the top being the surface of the plain of marine 



donudution. Let (1) and (3) be hard, (2) asoftrock. Suppose 
A (7 J? to be the commencement of one of the longitu<toal 
valleys. The stream at the bottom of this will be con- 
stantly cutting down, and atmospheric action will be con- 


Fig. 120 . — Sectiox across the Country shown in Fig. 119. 
1. 3. Shales. Soft. 2. 4. Sandstone. Hard. 
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Btantly washing in its banks, so that 
it will be continually getting deeper 
and wider, and wiU assume in suc- 
cession positions such D F E, 
G K H, The gradual growth of the 
vaUey will continue to go on in the 
manner just described till it has cut 
down to the top of the hard bed (1), 
a position indicated on the diagram 
by G K JBT. This may be called a 
critical point in the valley’s existence ; 
the circumstances under which its 
excavation has been so far carried 
on are now altered, and a corre- 
sponding modification in the results 
of the work may be expected. Two 
courses, so to speak, are now open 
to the stream : it may go on cutting 
deeper, but if it does, it wiU have to 
work its way through the hard rock 
(1 ) ; or it may attack the bank, KU^ 
of soft rock. The latter is so much 
the easier, that it is evident it will 
be the one adopted ; the direct deep- 
ening of the channel wiU cease, and 
the running water will expend its 
energy in undermining the bank on 
the right hand. Portions of this will 
thus from time to time be brought 
down into the brook, where they will 
be ground fine and swept away. In 
this way the bank to the right will 
be continually worked back, and the 
valley ^adually widened, its floor 
being always formed by the top of 
the hard bed (1). The action of the 
stream alone would produce a steep 
cliff on the side we are considering, 
but atmospheric wear will come in 
to modify this result, and, by inces- 
santly breaking down the face, will 
always keep the slope moderate. 
Thus, one flank of the valley will be 
continually shifting to the right, 
assuming in succession positions 
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such as X JiT, if 0, P Q, When the movement has ex- 
tended up to the. hard (3), the upper part of the hill- 
side will, on account of the superior hardness of this rock, 
stand at a steeper angle than the ground below, and hence 
an escarpment will be formed at the outcrop of this stratum. 
We must further notice that the manner in which the slope 
is worked back will be somewhat different in those parts 
which are composed of hard rock and in those where the 
softer beds occur, G[!he latter are graduallj^ washed awa}^ 
bit by bit in a fine state of division ; from the former large 
blocks are detached from time to time, which, on account 
of their superior power of resisting the action of the air, 
are broken up very slowly, and consequently remain in 
large numbers strewn over the slope. As the soft rock on 
which they rest is worn away from beneath them, these 
fallen masses slide down lower and lower, till the whole 
hillside becomes thickly covered with them. One case of 
this kind has been already noticed (p. 438), and it is an 
occurrence very frequently met with on the slope beneath 
an escarpment of hard rock. 

While all this has been going on on the right, atmo- 
spheric denudation has not been idle on the left-hand side 
of the valley. The mass G IT B oi soft rock is gradually 
washed into the stream, and its ruins carried away. This 
easily destroyed portion the subacrial denuding forces clear 
off without any difficulty, but they can make only very 
slight impression on the harder bed below ; hence, when 
the bottom of the valley has been brought down to the top 
of this rock, any further lowering goes on very slowly, 
and it remains very nearly at this level. And so in the 
end we have left of the rock-mass we started with only 
that part which is distinguished by a darker tint on the 
figure. 

The valley has now assumed a form exactly correspond- 
ing to that depicted on Figs, 119 and 120 ; it has a long dip- 
slope nearly coinciding with the top of the hard bed (1), 
and a steep face on the other side ; the slope of the latter 
being c^omparatively gentle where it is formed of the soft 
stratum (2), and rising in an abrupt scarp where it is capped 
by tlie hard rock (3.) 

The reader must not suppose that the explanation just 
given is pxire theory. If he will go into any district where 
rocks alternately hard and soft rise to the surface, he will 
not only find numberless instances of escarpments and dip- 
slopes, but he will see the process to which their formation 
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lias been attributed still in action. He will have no difR- 
oulty in lighting on oases where a brook runs from some 
distance exactly along the top of a hard rock with a cHff of 
the overlying softer beds forming one of its banks. If in 
such a case he mark the raw newly-cut look of the cliff and 
the heaps of fallen debris at its foot, he cannot fail to con- 
clude that the stream is undermining its bank, and that, 
by this ^adual working hack of tJie lower part of the 
slope, aided by subaerial wear above, the valley is being 
widened, while its pecniiar type is all along preserved. 
Only sui^poae that the stream has been doing lor a long 
time back exactly what it is doing now, and we have all 
the muciiinery necessary for carving out of a plain of 
marine denudation just such hills and valleys as the land- 
scape sets before us. 

In the ill ustration chosen, the arrangement of the features 
in escarpment and dip-slop^ is marked with singular dis- 
tinctness. The reader must not expect to find many in- 
stances which conform to the noimal t3^>e as rigidly as 
this. Ihe tw’O distinctive features are often masked to 
some extent by numerous minor morlifications, but they can 
alw'ays be recogTjised with iiioro or less of certainty in a 
coimtry formed of bedded rocks of unequal hai’dness and 
in(ilined at a moderate angle. There is probably no agent 
so efficient as Ice in obsouiing the features produced by 
the unequal yielding of different kinds of rock to denu- 
dation. In some trac*ts, parts of the Oarbouiferous districts 
the North of Enghind for instance, where there are 
all the retjuisites for tho formation of escarpments, we 
find these ridges either cons^jicuous by their absence, or at 
best far less strikingly marked than among tho correspond- 
ing rocks of the Centre of England. The explanation 
probably is, that the more northern region has been swept 
over by an ice-sheet, which planed down all the lesser in- 
equalities of the ground, and there has not been time since 
the glaciation for subaimal denudation to carve them out 
afresh. The ice-sheet probably never readied so far south 
as the centre of our island, and there the results of long 
ages of uninterrupted subaerial wear are seen in the con- 
spicuous character of its escarpments. The deposits also 
formed by ice action frequently prevent our seeing features 
which a(.*tually exist. Sometimes lar^ tracts of country 
are deeply buried in Boulder Clay, and the uneven surface 
of the stratified ro(*ks is simply smothered; sometimes 
masses of Boulder Clay are piled up against the steep face 
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of an esearpment, or moundy hills of the same deposit 
stand on a dip-slope, and in this way the distinguishing 
ehartieteristius of each feature are destroyed to the eye. If 
the driftless area of the Carboniferous rocks in South York- 
shire be compared with the drift-covered corresponding 
area of Lancashire, the contrast between the sharp defini- 
tion of the features of the one, and the indistinctness and 
faintness of the features of the other, is very striking. 

Broadening of Valleys by Biver Action. — In the 
explanation of the formation of escarpments and dip- 
slopes, we had an illustration of the way in which a valley 
of great width may be cut out by the gradual working of a 
stream of very moderate size. In many other cases rivers 
have excavated valleys, which at first sight seem out of all 
proportion to their size, by similar artifices. The great 
breadth, for instance, of many river valleys in the lower part, 
of their course is mainly due to the incessant shifting of 
the bed of the stream. The river swings from side to sid(N 
attacks fii^st one bank and then another, and by the joint 
action of its undermining below and subaerial wear above, 
the sides of the valley are worked back, and widening inces- 
santly goes on. 

Cutting back of the Channels of Bivers. — We have 
hitherto dwelt mainly on the action of rivers in lower- 
ing their beds, w^e have now to look at \vork they do in 
a somewhat different direction. In many cases, owing to 
the unequal hardness of the rocks over which they fiow, 
they are enabled to cut hack and lengthen the gorges in 
which the}’^ run. Tlie nature of this action, and the way in 
w hich it is carried on, will be understood hy a reference to 
the sketch in Fig. 122. 

We see there a brook flowing in a narrow gorge, whi(h 
is shut in at its u])per end hy a cliff, over which the water 
tumbles in a little fall. The upper part of tliis cliff is 
formed of a bed of rock whi(th projects well above the 
strata below ; the same bed is seen jutting out here and 
there among the foliage in prominent ledges from the sides 
of the ravine. This rock evidently stands out because it is 
harder than those underneath it, and this is specially the 
(;ase at the waterfall, because the spray is there always 
playing on the face of the cliff and aiding other subaerial 
forces to wear away the soft rocks of its lower pari. AMien- 
ever the ledge at the top has been in this way sufiPioiently 
undeimined, a slice breaks off along a joint, and an even 
face is produced. Undermining then begins again, till an- 
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other fail of the capping rock results. At the foot of tlie 
cliff a pile of freshly fallen fragments shows that the pro- 
cess is always going on. Thus the waterfall, which has in 
the lapse of time travelled alon^ the whole of the ravine, 
is still moving in the same direction, and the gorge is being 
continually eaten farther and farther back. 

Instances of this phase of river action may be seen in 
every mountain brook that flows over alternations of hard 
and soft rocks. The grandest case known is that of 
Niagara, so well describe by Lyell.^ 

It is evident that by the action just described very im- 
portant modifications in the surface-form and draiiiage- 
system of a country may be brought about. A trifling 
rivulet streaming down the face of a ridge may dt?epen, 



Fig. 122. — Broosl cutting back a Eavine. 


and at the same time eat back its channel, till a deep valley, 
cutting completely through the range, is prodiwjed. Thus 
a transverse feeder to a longitudinal valley might spring 
into existence, from which longitudinal branches would ex- 
tend themselves ; indeed, while it is likely that the great 
transverse valleys have been carved in the manner already 
described out of the original plain of marine denudation, we 
may reasonably refer the lesser valleys rf the same class to 
this cutting-back p>'ocess. 

It is not difficult to conceive, too, how, when a ridge has 
been cut across by the gradual working back of a ravine, a 
very trifling amount of unequal upheaval might reverse the 
direction of the drainage, and turn streams into this new 

• Principles of Geologj*, 10th ed., vol i. p. 358 ; Travels in North 
America, vol. i. chup. ii. 
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ohannel winch had previously discharged themseltes by dif- 
ferent outlets. 

The cutting back of river channels is not confined to dis- 
tricts where the rocks are of unequal hardness, though it 
is in such that it goes on most rapidly ; it happens more or 
less everyvi'here, and must take place largely in rocks, hko 
limestone, which are chemically soluble. The brooks, for 
instance, that fiow down the dip-slope* of the Chalk range, 
push their heads yearly higher and higher up the inclintj, 
and may in the end give rise to valleys cutting quite througli 
the ridge, wliich may carry off much of the drainage of 
the flat country beyond. 

SECTION IV.— FEATURES DUE TO THE ACTION OF ICE. 

We have already had to do with the denuding action of 
ice, but only in so far as it furnishes materials for the 
formation of Derivative rocks ; we will now inquire into 
its effects on the shape of the surface. 

We saw that ice-sheets and glaciers are always moving 
slowly from higher to lower levels, and that, as they move, 
they wear away the rocks over which they pass, by means 
of the stones frozen into their under surface. 

The shape given to the face of a country by this gi'inding 
action is totally different from that produced by any other 
denuding agent, and therefore calls for special notice in 
tlie present chapter. 

But ioe-wom surfaces have a further interest for the 
geologist. Changes in climate may cause ice to disappear, 
but the markings it impressed on the solid rock survive 
long after it has passed away ; and the obsen’er, when he 
has once learned to recognise their distinctive character, 
infers from these surface-forms the former presence of an 
ice-sheet and the path it took, as readily and as certainly 
as the hunter draws corresponding conclusions from tlio 
footmarks and trail of an animal. In this way we are 
enabled to show ^bat countries which now enjoy a tem- 
perate climate, were once placed under conditions such as 
now prevail only in Arctic regions. 

(iexLeral Aspect of Xce-wom Districts. — A sheet of 
ice, as it flows over a country, wears down all projecting 
points, and smooths off all rough places, and in this way 
the hills of an ioe-wom tract get a general rounded hum- 
mocky outline. No words can give an adequate idea of 
the appearance of such districts ; but any one who has stood 

o 0 ' 
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in the middle of a group of lofty hills formed of hare rock, 
where ice-work has gone on on a large scale, never forgets 
the wonder with which he for the time gazed on the 
sameness of the flowing contours which every hill offered 
to the view. It is as if some giant hand had taken sheet 
after sheet of emery paper, ana rubbed and ground away 
till every prominent peak and bristling crag had been cleared 
off, and every valley-side smoothed down. The view in 
Pig. 126 will, perhaps, give some faint notion of the pecu- 
liar aspect of such a landscape ; the hills on the left-hand 
side 01 the lake are strongly typical. 

In some cases this smoothing extends itself over the tops 
of the highest hills, and furnishes proof that the whole 
country has been wrapped in one universal mantle of ice, 
like Greenland and the Antarctic continent at the present 
day. Elsewhere the ice-worn surfaces are confined to the 
valleys, and extend only to a certain height up the hOl- 
sides, in which case the glaciation was less extensive, and 
the ice took the form of glaciers. The observer must 
not, however, jump too hastily to the conclusion that he 
has determined a uno above which the ice did not rise, 
merely because he finds traces of its action plentiful on the 
lower part of the slopes and apparently absent on the hill- 
tops. Ice-tracks of course suffer, and are in time com- 
pletely removed, by denudation ; they will evidently weather 
away faster on exposed summits than in lower and more 
sheltered spots, and this may be the explanation of their 
absence above a certain elevation. But if we find a fairly 
hard line, below which the ground is very generally 
smoothed, and if above that line it is rugged and bristling, 
and does not yield to the most careful search the faintest 
remnant or trace of ice-worn patches, then we may be 
pretty sure that that line marks the upi>er limit of the ice. 

Polislied Surfaces. — The features just described are 
those wliich strike the eye on a general view of an ice- worn 
country. The minor details, which closer examination 
reveals, are no less remarkable and no less important 
geologically. 

Hock surfaces worn by modem glaciers have frequently 
a polish as j)erfect as could be produced in a lathe ; and 
similar surfaces of very ancient date, when they have been 
protected from the air by a coating of clay or other imper- 
vious material, are found to have lost scarcely any of their 
original high polish. 

Cratches.— We have already explained that the tools 
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which enable ice to grind away the rocks over which it 
passes, are stones frozen into its under surface. The high 
polish just mentioneA is produced by fine sand; stones 
cut grooves or striations according to their size, the small 
sharp points etching on the rocks scratches as fine as the 
most delicate work of a steel engraving, tlie larger blocks 
ploughing out fiutings and coarse ruts. Fig. 123 shows 
a stone on which both fine and coarse stride have been 
imMessed. 

These markings are of the utmost value. The scratches 
on the stone fibred above will be noted to be rudely 
parallel to one another, and this general direction is 
evidently that in which the ice flowed. By observing and 
recording the bearings of similar scratches on rocks in 
place, we shall be able to lay down the line of the path 
which the ice that made them, took across the country. Also 
the relation of the soraiclies to the surface will enable us 
to form an idea of the extent of the glaciation, and to say 
whether it amounted to a xiniversal ice-sheet or got no 
further than valley glaciers. In the first case, the enor- 
mous accumulation produces a prosstire sufficient to drive 
the ice from the interior to the coast, not exactly in 
straight linos over hiU and across valley, but still with 
considerable disregard to the inequalities of the surface ; 
the scratches in consequence radiate in a general way out- 
wards, from the centres of maximum elevation, and fre- 
quently pass up the sides and across the summits of the 
lulls. In tke case of glaciers, the motion of the ice, and 
the scratches which it cuts, are parallel to the trend of the 
vaUeys, 

Roches Moutonn^es. — From the grooves and scratches 
just described, we can lay down the course of the ice’s 
motion, but they do not tell us -which way it travelled. We 
can learn, for instance, that its path lay north and south, 
but not whether it cjame from north to south, or in a con- 
trary direction. This information we gather from the shape 
of certain rounded hummocks, always found in glaciated 
districts and called Boches Moutonn^es. 

Fig. 124 is a sketch of one of these ; and it wiU be noticed 
that while the right-hand side rises from the ground with 
a gentle, smoothly-rounded slope, the front is steep and 
comparatively unworn. 

If we examine a valley still occupied by a glacier, but in 
which the ice formerly extended lower do-wn than now, we 
shall find that the gentle slopes of aU the moutoniieed 
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bosses look up the valley, and their steep fronts all faee 
the opposite way ; since the motion of the glacier is down 
the valley, this amounts to saying that the smooth faces 
point to the quarter from which the ice comes. 

Similarly, in a country from which ice has completely dis- 
appeared, if the moutonneed surfaces are preserved, we leani 
from them in what direction to look for the source of the ice. 



It is easy to see how this peculiar form came about, 
and why the opposite faces of the hillocks are so different. 
Let the line 8 S in Fig. 125 represent the rugged surface 
of a rocky country over which a sheet of ice is moving 
in the direction of the arrow. As the ice is driven up 
the slope A, it will grind away all the inequalities, and 
vrork the surface down to an even rounded outline. The 


>■ 



Fig. 125.— Diagram to illtjbtbatr thb Formation of Rochfs 
MovtonniIbs. 


debris produced will be pushed on over the crest, and Ml 
down on a bank in f3X>nt of the hillock. The ice, as it 
moves on, will ride over the top of the heap, and not 
touch, or touch to a very small extent, the face which 
will therefore retain its roughness. Where the ice impinges 
on the next projection of rock, the face which it meets will 
be worn smooth, and the opposite side will be protected by 
debris, and be little affected. In the end, when the ice 
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has gone, and the loose debris has been removed by denu- 
dation, there will remain only the part tinted dark in the 
figure, tliat is to say a couple of hummocks with the out- 
line which has been described as characteristic of roches 
moutonnees. 

Moraines. — The moraines of vanished glaciers are as 
important as the traces of ice-action already mentioned, 
whether we look upon them as features in the scenery or 
as a moans of enabling us to read the history of former 
glaciations. Longituduial moraines remain as long lines 
of hummo<jky mounds or ridges running along the sides of 
valley's ; terminal moraines have a similar outline, but stretch 
across the valley in a horse-shoe-shaped curve, with its 
convexity pointing downwards. The latter have frequently 
suffered largely from denudation, but, where they are well 
])reserved, they sometimes furnish an elegant proof that 
the glacier which gave rise to them dwindled away little 
by little before it finally disappeared. It is not uncominqn 
to find in the upper recesses of mountain valleys a series of 
small terminal moraines, one within the other, each one 
more imny than the one below it. From these we leani 
that, after the ice had disappeared from the low country, 
glaciers still held their own in the uplands ; but that, as 
the climate improved, they slirunk back higher and higher 
up the valleys. Each moraine marks a line at which the 
glacier paused for a wliile in its retreat, and the diminish- 
ing size of the rubbish heaps which it produced during 
each stationary interval, points to a corresponding gradu^ 
decrease in the volume of the ice. 

Lakes. — We may conveniently consider here the method 
of the formation of lakes, because a large number of the 
hollows in which tliey lie are certainly in some way con- 
nected with ice-action, and perhaps have been formed 
entirely by its agency. 

The origin of some lakes is obvious enough. Just as an 
oniamenti sheet of water or reservoir is formed by throw- 
ing an embankment across a valley, so the water of some 
lakes is held back by natural dams, composed of materials 
different from the rock that forms the bottom and sides of 
the basin. An old terminal moraine often acts as a dam, 
the space above, which was once filled with ice, being now 
occupied partly by water. 

In a similar way landslips and streams of lava some- 
times block up a valley, and pond back the water of its 
stream into a lake. 
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Again, hummocks, such as Eskers, and Sand-dunes, 
sometimes enclose lakes, the origin of which will be better 
understood when the student has read in the next section 
an account of the method of formation of these moundy 
elevations. 

Yolcanic craters also are sometimes converted into lakes, 
when the volcanic activity has become extinct. 

Some deposits, such as that known as Glacial Drift, have 
been thrown down in an irregular manner, with a rough, 
uneven surface. Water accumulates in the hollows so 
formed, and gives rise to little lakes. 

Another way in which lakes may be produced is by un- 
equal elevation of the earth’s surface. This may possibly 
be the origin of those remarkable lakes in the Jordan 
valley, which lie far below the present sea-level. There 
can be no doubt that the long gorge in which the stream 
flows was cut out by a river, which probably emptied 
itself into the Gulf of Akabah. Subterranean movements 
then went on along the basin. The southern end was 
raised into a barrier, closing the former exit ; higher up, 
the movement gradually changed into one of depression, 
and along a considerable part of the valley the ground was 
sunk deep below the sea-level; but the depression was 
greater at some spots than others, and by this unequal 
bending down profound hollows w^ere formed along the 
course of the stream, now occupied by the lakes in question. 
Till the country has been thorouglily examined geologi- 
cally, we cannot say that the explanation just given is cer- 
tainly correct. The folding of the surface into hollows is a 
possible cause of the origin of lakes that ought not to be 
entirely overlooked, but at the same time it is doubtful if 
we can point to a single instance in which it has been 
conclusively shown that a lake has originated in this 
manner. 

Lakes are occasionally formed in a way somewhat akin 
to that lost described by the dissolving away of beds of 
soluble materials beneath the surface. This has gone on 
to a large extent in Cheshire. The New Bed Marl, which 
covers a large part of that county, contains thick lenticular 
beds of Bock Salt, Percolating water gradually carries 
these away in solution, and forms great underground cavi- 
ties, into which the overlying rocks sink down, and so 
depressions, which are soon mled with water, are formed 
on the surface. In places where brine is pumped from 
these beds for the manufacture of salt, the removm goes on 
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more rapidly than under natural conditions, and subsidences 
occur on a large scale. 

Lakes are occasionally formed on the alluvial flats of 
great rivers by changes in the position of the bed of the 
stream. A\lien the narrow neck of land between the ex- 
tremities of one of the great winding sweeps of a river is 
cut through, the entrances to the old channel frequently 
get choked up, and a portion of the former bed is isolated 
and converted into a crescent-shaped sheet of water. Some- 
times it happens that the whole space between the old and 
new channels is turned into a lake. The alluvial surfaces 
are not exactly flat, but usually rise towards the hanks of 
the stream, because it is there that sediment is thrown down 
most largely ; in this way natural embankments are formed 
filong the margins of the river, and when the raised edges 
of the old and new channels coalesce, and the sunken space 
between is filled by rain or high floods, a closed sheet of 
water is produced. Lakes formed by these methods are 
plentiful along the course of the Mississippi.* 

The lakes, however, formed in the ways just described 
form a very small minority of those which exist. Lakes 
are most abundant in northern regions, and by far the 
greater number of these cannot bo ranged under any of 
the above heads. The reader may recouect a picture in 
■Punchy where a tourist from a manufacturing district re- 
marks of the Cumberland Lakes, “We call them Eesevors ^ 
in our country.” The speech betrayed geological ignorance 
quite as much as a want of appreciation of the picturesque. 
These lakes are not bodies of water held hack by dams 
resting on the rock of the country; they lie in hollows 
which are scooi)ed out in rock itself below the general 
level of the floor of the valley, and the lip that holds back 
the water is solid and composed of the same rock as the 
bottom and the hills in either side. Basins enclosed in 
this way by an unbroken rim of solid rock all round are 
called *‘rock basins,” and it is in depressions of this 
nature that by far the larger number of lakes, in northern 
latitudes at least, are found to lie. 

Fig. 126 is a sketch of a lake, which a little examination 
proves to lie in a rock basin. Along the sides, and espe- 
cially on the left-hand margin, the ice-worn surfaces of the 
hills plunge down steeply beneath the water, and a single 
glance is enough to assure us that the edges of the hollow 
are formed of solid rock. The nature of the barrier at the 
« L> ell, Second Visit to the United States, ii. 185, 203, 233. 
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lower end is not so obvious at first, for the ^imd is much 
obscured by debris from the surrounding* hiUs ; but where 
the stream issues from the lake it has cleared away the 
loose matter, and we see clearly enough that the water is 
flowing over a lip of solid rock, and that it is this and 
not a dam of transported matter that holds back the water. 

The reader will' notice in the smoothed and roxmded out- 
line of the hills, and the moutonn6ed bosses that project 
from the debris in the foreground, signs of former intense 
glaciation ; the surface of the rock also over which the 
issuing w^ater flows is smoothed and highly polished. We 
shall see immediately that, wherever rock basins occur, 
similar proofs of glaciation are present, and that the con- 
nection 18 probably not accidental. 

It is evidently not altogether an easy matter to account 
for the presence of a rock basin. Of the various explana- 
tions just given of tlie origin of lakes none will apply here, 
unless it be that of unequal sinking of the surface. But a 
very cursory examination will show that rock basins have 



Fig. 127. — Section Aoitoss a Lake fobmed by Subsidence. 


not been formed in this way. If they had, the bedding of 
the rocks beneath ought to be parallel to the bottom of the 
basin, as in Fig, 127. But such is by no means the case ; 
the beds frequently strike directly across the trend of the 
lake, dip at all possible angles, and are not unfrequently 
on end beneath the water, so that their edges must have 
been worn oflf to form the dish in whicjh it lies. 

We must therefore look for something which can scoop 
out hoUows in solid rock, and Professor Kamsay suggested 
that we should find the tool we want in sheets of ice. 

It is evident at first sight that there is no intrinsic impos- 
sibility in this hypothesis. Denudation by any fluid agent 
clearly could not form rock basins, b^ause a running 
stream, though it might run into a hole, could not run 
out up-hill at the farther end. But ice, when it has 
enter^ a depression, is still driven forward by the pressure 
of the mass in the rear, and may be forced out agom if the 
slope up which it has to move is not too steep. 

Pursuing this line of thought, Professor Itamsay noticed 



ROCK BASINS. 


459 


that rock basins are confined to certain countries, -where 
they occur in immense numbers, and that all these 
countries show signs of former ice-action on a large scale. 
Scotland, for instance, the Lake district of England, the 
hiDy parts of Ireland, Scandinavia, and North America, 
were all of them covered with ice at a time geologically 
recent, and in all of them lakes lying in rock basins are 
scattered broadcast over the surface, and were once more 
numerous than at present, because many have been silted 
up. On the other hand, in those parts of the world which 
show no signs of former glaciation, lakes are comparatively 
rare, and many, probably all, of those we meet with do not 
lie in ro(jk basins. 

So suggestive an association led to the idea that rock 
basins may have been scooped out by ice somewhat in the 
following manner. When a sheet of ice descends a slope 
and impinges on the flatter groxmd at its foot, the ex- 
tremity, driven down by the pressure of the mass behind, 
acts like a great gouging tool, and ploughs into the rocks 
of the plain. The cavfty thus commenced is lengthened 



Fig. 128.— Section across a Rock Basin. 


out as the ice advances, but the force of the thrust will 
grow less and less as we recede from its source, and also 
as the glacier moves lower down it melts away, and the 
thickness, and therefore the pressure duo to its weight, 
gradually decreases. The amount of erosion will thus 
dimmish outwards from the hiU-foot, and the hoUow 
formed will gradually shallow in that direction till it 
comes to nothing. In this way a trough will bo worked 
out vnth a steep face on the side nearest the source of the 
ice, and a long slope shelving up gently in the opposite 
direction. This is found to be very generally the outline of 
a rock basin. The lake we have already given as an illus- 
tration shows it to perfection, as will be seen fromEig. 129, 
which is a section on a true scale across it and a neigh- 
bouring lakelet. The slopes above the head of each iSce 
are ice- worn, not unfrequently to suph an extent that they 
are actual inclined planes, so steep and highly polished as 
to afford a very insecure foothold when dear of debris ; 
they plunge down at once into the water without the least 
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change of inclination, the submerged portion being a direct 
continuation of that above the level of the lake. At the 
lower ends rock surfaces, equally well smoothed, rise at a 
low angle from beneath the water and slope up gently till 
the next abrupt descent begins. 

There con be no question that the basins have been 
filled with a mass of moving ice, and we can readily realise 
how they may have been formed altogether by such an 
agent. A glacier, cascading as it were down a steep face, 
was driven forcibly against the flatter ground at the foot, 
and ate out a hole which was the beginning of the basin. 
A hoUow once startM, the constant wearing of the ice-flow 
would enlarge and deepen it, but it is easy to see that the 
slope of the bottom would be smaller at the lower than at 
the upper end ; down the one the ice slides with gravity iii 
its favour, while it has to move up the other against the 
action of gravity; when it enters the hole, therefore, its 
erosive power is greater than when it is leaving, so that in 
the one case a larger amount of ijjiatorial is removed and a 
steep face is produced, in tlie other a more gentle slope is 
formed. In fact, the ice having got into the hole must get 
out of it, for the pressure from behind will not allow it to 
stand still. But the only way of getting out is to wear 
down the rock that stands in its way to a slope gentle 
enough to allow of the mass sliding up it. 

Exactly similar results will follow wherever a great 
sheet of ice flows over an uneven surface. We only want 
a depression to begin with. Wherever there is a little 
hollow, the ice will go down into it, wear it deeper, and give 
it the same sort of shape as the basins just described. Not 
that rock basins will always exactly conform to this pattern. 
The relative hardness of the rocks of their floor will modify 
the result, greater erosion and therefore greater depth 
being produced where the ice crosses beds relatively soft. 
The thickness of the ice will also have an important etfect ; 
when it has once been started at its work, the thicker the 
sheet the greater will be the weight driving it down, and 
the greater the depth to which it will penetrate. Eock 
basins will therefore be most likely to be formed, all 
other things being equal, beneath those parts of an ice- 
sheet where it is thickest. 

It is important for the full understanding of the theory of 
the ice origin of rock basins that the student should cletirly 
reaHse how very shallow in comparison with tlieir len^h 
those hollows are. Owing to the very general practice of using 
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a scale for heights and depths larger than that employed for 
horizontal distances, most illustrations convey a very false 
idea of the shape of rock basins. The section of LtJugh 
Maam in Fig. 12i>, a section of the Lake of Geneva, given 
in Professor Ramsay’s paper quoted beloir, or the section 
of Loch Lomond, facing p. 518 of Mr. James Geikie’s 
Great Ice Age,” all of wiiich are drawn to a true scale 
and therefore do not exaggerate the slopes, show clearly 
that these depressions, large as their absolute depth seems, 
are, when their relative dimensions are taken into account, 
only shallow pane, and that the inclination of their beds is 
by no means so great as that of many surfaces up which 
ice-shoots have certainly flowed. 


Lough Maam. SUovcsnaglit. 



Fig. 129 ,~Sbction along Loxjgh Maam and Lough Slievhsnaght, 
TWO Rock Basins, Co. Donegal, Ireland. 

Tlie above explanation of the origin of rock basins was 
at first violently opposed. It has, however, gradually 
grown in favour, and some eminent geologists, who at one 
time would not hear of it, have given in their adherence to 
the views of its author. It may safely ho said to be a 
reasonable and consistent explanation, and the invariable 
association of glaciation with rock basins is a strong argu- 
ment in favour of the two standing to one another in the 
relation of (‘ause and effect, even if wo have not yet liit 
upon the exact nature of the mechanism by which ice has 
boon able to scoop out the hollows.’^ 

♦ The reader who wishes to go Glasgow, i. 86, and iii. 180 ; Belt, 
more fully into the subject may Quart. Joum. Geol. Soc. xx. 463 ; 
turn to Ramsay, Quart. Joum. Haast, ibid., xxi. 130; Gastaldi, 
Geol. S^oc., xviii. 189; Phil. Mag., ibid., xxix. 396; Ward* ibid., xxv. 
Oct. 1864, and Apnli 1866 ; A. 96, xxxi. 162 ; J. Geikie, The 
Geikie, Transacts. Geol. Soc. of Great Ice Age, xxi. 
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SECTIOK V.— SURFACES NOT WHOLLY DUE TO 
DENUBATION. 

So far we have been dealing with ordinary hills and 
valleys — ^what we may call everyday features — and we have 
seen that not only is denudation quite competent to produce 
these inequalities, but that we know of no other a^nt among 
existing forces that could have formed them, valleys we 
have learned to look upon as troughs or trenches dug out 
by denudation, just as much as a ditch is dug out with a 
spade, while hills are the remnants which denudation has 
spared. There are, however, certain reliefs of the earth’s 
surface, in the formation of which denudation has played 
only a subordinate part, and to these we will now turn our 
attention. 

The most important of the features that come under this 
head are Mountain Chains ; next in order we may put 
Volcanic Cones; and then we shall have to notice the 
minor instances of Eskers, Moraines, Hand-dunes, and 
Alluvial Flats. In the case of all but the last we shall find 
that, though their main outlines have been determined by 
some cause other than denudation, they have by no means 
been unaffected by that all-present agent, and that all the 
lesser details of their surface-form are due to its action. 

JCountain Chains* — The word mountain in its popular 
acceptation can be scarcely said to carry with it any veiy 
definite meaning. It is used vaguely for a very high or 
otherwise noteworthy kOl, but the limit above which a hill 
must rise before it can be entitled to be called a mountain 
is purely arbitraiy, and depends largely on its surroundings. 
The Bigi, for instance, is so dwarfed by the neighbouring 
Alpine peaks, that it is reckoned no more than a subordi- 
nate summit ; if it were transjiortod to the flats of Holland, 
it would be there looked upon as a conspicuous mountain. 

But it is possible to frame a definition, though perhaps 
not a very rigid one, of what is meant by a mountain chain. 
The one great leading feature which distinguishes moun- 
tain chains from the hills and ridges we have hitherto been 
dealing with we shall find in the end to be this. They are 
not blocks of rock that stick up because the matter that 
once surrounded them has been removed by denudation ; 
they owe their superior elevation to the fact that the rocks of 
which they are composed have been squ 'ud and ridyed up to a 
greater* fmght than the rocks of the country on either side. 
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But this is not a truth that can be learned by direct ob- 
servation ; it is rather a conclusion we arrive at only after 
havinp; ^ne through a somewhat complex train of reason- 
ing ; it is not therefore very well suited to form the basis of 
a definition. But if all the regions that have undergone 
this squeezing-up process are found to agree in possessing 
certain simple and easily recognisable external characters, 
and if these characters are not found an 3 rwhere except in 
such regions, we shall have in these peculiarities a means 
by whidi the eye alone can decide whether any given tract 
of lofty ground is, or is not, entitled to be called a mountain 
chain. 

Now there are two distinguishing features which most, 
if not aU, mountain chains present. 

1st. Their breadth is small compared with their length. 

2nd. They rise sharply, and are marked off clearly, from 
the country on either side. 

It is by the first of these tests that we distinguish between 
a true mountain range and a mere lofty plateau. The 
former consists of a long narrow ridge, or a succession 
of ridges miming mdely parallel to each other, along 
the (irests of which projecting peah are perched in lines 
approximMely rectilinear. A plateau, or table-land, is a 
broad expanse of elevated ground of a tolerably uniform 
height all over, and any points that rise prominently above its 
levd a/re liable to be dotted about without order or arrangement. 

This chain-like stmcture may always be recognised if we 
take a broad view of any great mountain range, though 
here and there it may be diificult of detection, or may be 
for a while lost altogether. This will be the case at those 
great knots of mountains which are formed where two or 
more ranges meet or cross one another ; but such excep- 
tions are of tlie nature of local accidents, and do not pre- 
vent us from realising the general character of the ridges 
as a whole, any more than the fact that a long street opens 
out every here and there into broad squares, prevents our 
seeing that, on the whole, it is a street and not a square. 

The second feature will be found to be present to a far 
greater or less extent in all great mountain ranges. It is 
true that the main central chain is usually fianked by 
lower parallel ridges, and that these lessen in some 
measure the abmptness of the transition from the high 
lands to the plains, and make it difficult to say exactly 
where one ends and the other begins ; but for all this the 
eye seldom fails to recognise on a general view the exist- 
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euce of a change in feature more or less sudden, even though 
it may be hardly possible to lay one^s finger on the actual 
spot where it occurs. 

The reader will perhaps form a good idea of the broad 
structure and general character of a mountain chain in this 
way. Let him take a number of long, squat, triangular 
I)risms, of different sizes, and lay them, with their broad 
faces downwards, parallel to one another on a table, tlxe 
highest in the middle, the smallest outside, and the rest 
ranged between in the order of their size ; then let him 
cut and hack the upper edges till their outline becomes 
jagged and serrated. The group will then form a very 
fair representation of a mountain chain comj)08ed of a 
number of parallel ridges, increasing in height towards the 
centre, and with prominent peaks ranged along their 
crests ; and the way in which the group is clearly marked 
off* from the flat of the table will enable him to realise how 
a mountain chain rises boldly and shar^dy out of the 
country on either side of it. 

The definition just given will exclude from the class of 
mountain chains many tracts of lofty country usually 
spoken of as mountainous. For instance, it will not allow 
of the existence of mountain ranges in the Highlands of 
Scotland. If wo were to look down on that country from a 
balloon, we should see notliing corresponding to our table 
and array of prisms. On the contrary, it would appear to 
bo a great table-land, not perfectly flat, but with a surfacje 
slightly undulating like that of a sea roughened by the 
wind ; valleys would be seen to cut across it, but they would 
look like trenches, and would scarcely interfere with the 
ajjpareiit general evenness of the surface. And if we 
checked this first impression by the aid of a raised map of 
tlie district, we should find that our eyes had not deceived 
us. A sheet of paper laid horizontally on such a map 
will touch, or very nearly touch, the tops of almost aU 
the hills ; here and there a hole may have*, to be made to 
allow a projecting point to come through, but these are few 
in number, none of them rise much above the average level 
of the surrounding summits, and most of them occur at 
haphazard and with no tendency^ to a linear arrangement. 

On the other hand, if we turn to Italy, we shall realise 
the contrast between a lofty table-land, like that of 8 cotland^ 
and a true mountain chain ; for the Apennines, in spite of 
their moderate height, are clearly entitled to that rank. 
They form a range decidedly long and narrow, and they 
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are flanked on both sides by ground markedly inferior to 
them in elevation. 

The two distinguishing features on which we have been 
ccmmenting, though they are useful as enabling us to re- 
cognise mountain chains, throw no light on the mode of 
tLeir formation. We now pass on to a fact which has a 
m* st important bearing in this direction. All hill rang js 
wl ieh present these features are found to agree in posse is- 
ing another peculiarity. The etrata of which they are cm- 
posid are always found to hare been violently disturbed. The 
moirt striking form of distortion is crumpling on an exten- 
sive scale^ by which the beds have been folded into curves 



Fig, 130 .— Invirsion op Mountain Strata bt intbnsb FoLi>i>f>. 

of enormous radius, and puckered up into the most com- 
plicated contortions ; in many cases this has gone so far as 
to bend over the rocks in the manner shown in Fig. 130, 
and give rise to perfect and repeated inversion. 

Instances of this kind have already been given, and it 
has been pointed out how completely mountain sections may 
mislead us as to the true order of the be^, when p^s 
of the folds have been removed by denudation. Faulting 
on a large scale is also very generally met with among 
the disturbed strata of mount^ chains, and it is saia 
that the faults are frequently reversed. The axes of the 

H H 
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folds and the faults are in a general way parallel to the 
trend of the range. 

It must not be supposed that the distinction between 
mountain chains and plateaus can be always rigidly main- 
tained ; there are elevated tracts which are somewhat inter- 
mediate between the two, and about which it is not easy to 
say to which class they ought to be referred. The strata 
of table-lands are sometimes folded and contorted very much 
in the same manner and nearly to the same extent as those 
of mountain chains, and show locally intense crumpling and 
inversion. But in the one case the plication has been wide- 
spread, and the resulting contortion is consequently on the 
whole less violent ; in the other it has been locjalised and 
concentrated along certain lines, whereby the effects have 
been rendered more pronounced and confined to a com- 
paratively narrow belt. 

The reader will now, it is hoped, have arrived at a clear 
notion of what it is that constitutes a moimtain chain. It 
is a long narrow range of very lofty ground, sharply marked 
off from the country on each side, and the strata of which 
it is composed are violently disturbed, as if they had been 
squeezed together forcibly in a direction at right angles to 
the axis of the chain. 

These being the facts, to what conclusion do they lead us 
as to the method of formation of moimtain chains ? 

We have already seen reason to believe that the process 
which gave rise to areas of dry land consisted in a folding 
of the earth’s crust into arches and troughs, that continents 
are in a broad sense the denuded backs of arches, and that 
oceanic depressions have had their rise in troughs. Now 
we have only to suppose this same folding process to act 
with intense energy along certain lines, and we have the 
machineiy competent to produce a mountain chain, A long 
narrow ridge would be gradually raised above the gener^ 
surface, and if elevation went on faster than denudation 
could wear down the protuberance, a range of high ground 
rising sharply from the country on either side would be per- 
manently established. At the same time the thrust, wmch 
squeezed up the range, would contort and crumple the strata 
into folds ranging parallel to its length. It must not be 
supposed that all the work was done at the same time ; the 
process was repeated probably over and over again along 
the same genem line, and thus at length the great mountain 
ranges were brought to their present elevation. Ci this 
view all the great leading reliefs of the earth’s surface are 
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the result of a kind of skrivelling, and mountains are the 
more prominent wrinkles. 

To this theory of mountain-building no serious objection 
has yet been xirged, and it certainly looks as if it contained 
the elements of a true emanation, even if it be not the 
full explanation itself. Hiere are, however, certain diffi- 
culties in the way of accepting the accompanying expla- 
nation of the oriM of continents and oceanic troums ; 
these have been wready hinted at, and will be more fully 
treated of in the next chapter. 

There are two more facts which support the conclusion 
that the elevation of mountain chains was the work of 
lateral thrust. The one is the presence of cleavage, the 
planes of which range parallel to the axis of the dhain ; 
this is a proof that the rocks have been compressed in a 
direction at right angles to that line. The other fact is 
that mountain chains usually show a central core or axis of 
Granite or some allied rock, which shades off insensibly 
on either side into Gneiss, Mica Schist, and other highly 
metamorphic forms, while from these last a gradual pas- 
sage can be traced into unaltered beds (see Fig. 138). In 
other words, since the Granite probably marks only the 
extreme stage of metamorphism, the interior of a mountain 
chain consists of intensely metamorphosed rocks, and the 
alteration grows less and less as we recede from the axis 
till it disappears altogether. Now the pressure required 
by our theoiy may w^ have given rise to heat sufficient 
to produce, in conjunction with other agents, this meta- 
morphism. 

The bulk of a mountain chain, then, must be supposed 
to have been raised to its present position by the violent 
crumpling up of a narrow strip of me earth^s crust. But 
this was only the first step in the process of its formation. 
While this was going on denudation was not idle, and it 
continued to work when the elevation was complet^. As 
the ridge was raised higher, it became more and more ex- 
posed to the action of the elements, and subaerial denuding 
forces were enabled to act upon it with more and more 
telling effect. By them the huge uncouth mass was 
gradually worked into its present shape, and carved out 
mto an assemblage of bristling peaks, craggy precipices, 
ragged gorges, and open valleys. 

It may be asked whether it is necessary to call in the aid 
of special machinery for the production of mountain chains, 
and why they cannot be looked upon, like other hilb, as 
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simply the remnants of denudation. There are two main 
reasons why we must seek an explanation of the origin of 
mountain chains different from fliat which sufficed for or- 
dinaiy elevations. 

In the first place, what we may call the isolation of moun- 
tain chains is a ground for calling in some special agency 
for their production. Where intense contortion, cleavage, 
and metamorphism are manifested only along a certain 
band, there is good reason for thinking that the forces 
which gave rise to these phenomena were confined to that 
band, or at least acted with unusual intensity within it. 
Secondly, in order to get a mountain chain by denudation 
alone, an amount of rock, far greater than we have any 
reason to believe denudation can have removed, must have 
been carried away. 

We have seen that possibly the ultimate source of the 
elevating force was in all cases the same ; that where it 
extended over a broad area, an embryo continent was 
produced ; but where it was limited to a comparatively 
narrow belt, its intensity was thereby increased, and the 
rudiments of a moimtain-fhain wore the result. In either 
case it was certainly denudation that gave the finishing 
touches, and carved out all the lesser details of the 
outline. 

Volcanic Cones. — Volcanic cones, the reader will recol- 
lect, are monnds of fragments of rock, which were shot out 
of a hole in the ground, and piled up in a heap round it, 
with layers of lava poured from time to time over the pile 
in a semi-fluid state out of the same orifice. Neither denu- 
dation nor elevation had anything to do with their original 
formation, but the former agent of course, as time goes on, 
modifies their shape ; by the washing down of their friable 
materials their conical abruptness is diminished, and 
gullies and gorges are scored down their flanks. 

XUikers. — Among the most remarkable of the minor 
features of hilly districts in northern latitudes are certain 
long, winding ridges and hummocky mounds of gravel and 
sand, which go by the name of Karnes in Scotland, and 
Eskers in Ireland. They rise boldly and sharply with steep 
slopes, to heights of occasionally as much as 100 feet and 
sometimes more, from the ground on which they stand, and 
the singularity of their appearance has attracted the atten- 
tion of others beside geologists. Fairy legends still hover 
around them ; they are pointed out as the ropes of sand in 
the manufacture of which an enchanter strove to keep a 
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restless demon out of miscliief ; and they were utilised as 
natural earthworks in the days of early warfare. 

To account for the origin of these singular hillocks, 
niunerous theories have been propounded; there can be 
little doubt, however, that they nave not aU been produced 
in the same way. 

Some so-called eskers are certainly nothing but mounds, 
which have been carved by denudation 
out of a thick sheet of gravel; these 
present no peculiarity which entitles to 
notice in the present section. 

But there are others to which this 
explanation will not apply, and which 
undoubtedly owe their shape in a large 
measure to the manner in which their 
materials have beeh heaped up. 

Several facts lead us to this conclu- 
sion. It not unfrequently happens that 
the long ridges run together, and en- 
close oval-shaped hollows without an 
outletj which are sometimes still occu- 
pied by tarns, and sometimes by peaty 
or alluvial deposits formed by the siltii^ 
up of lakes that once lay in them. It 
is evident that these depressions could 
not have been cut out of a sheet of 
gravel by rain or river action, because 
there is no road by which a stream of 
water could escape from them ; and the 
only way we can account for their occur- 
rence is by supposing that the gravel 
was piled up in heaps round the central 
hollow, so as to enclose it completely on 
all sides. 

This conclusion is further strength- 
ened by the internal structure of the 
kames. When cut across, they show a 
section like that in Fig. 131. The gravel 
is very distinctly though irregularly bedded, and the beds 
arch over, so that, in a general way, the direction and amount 
of the dip is about the same as the slopes of the srirfaoe of 
the ridge. This is j ust the structure that would be produced 
if the materials had been heaped up by currents coming 
alternately from opposite quarters. Such conditions exist 
where a river with fall enough to enable it to carry down 
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grarel enters a tidal eea. The ^aier part of the heavy 
material is let fall near the mouth of the river and forms a 

bar.’^ At low water there is nothing to check the force of 
the stream, and it rolls the gravel up the inner face of the 
bar and arranges it in layers dipping towards the land ; as 
the tide rises Sie river is pounded back, and the incoming 
waves roll pebbles up'the outer face of the bar, spreading 
them out in beds which dip towards the sea. 

At very many spots where eskers occur, exactly such 
conditions as these would be produced if the land were 
submerged. Eskers are extremely common, for instance, 
where large mountain valleys open out into flatter country. 
Supposmg the sea to encroach as far as the mouths of the 
vaUoys, the load of debris brought down by the mountain 
torrents would be tossed about alternately by the stream 
and the incoming tide, and arranged in mounds and ridges. 

An excellent instance of eskers lying in such a situation 
is found in the lower part of Ennerdale, and is illustrated 
by Fig. 132. The sketch is taken just where the hills of 
the 1^6 country begin to rise from the plain of West 
Cumberland. The long, narrow mountain-valley is seen 
stretching away in the distance ; the two moundy hills in 
the foreground with trees on them, are eskers planted just 
where me vaUey opens out on to the flat countiy; tney 
form part of a group which runs across the mouth of the 
valley, and extends far out into the plain. 

Another favourite locality for eskers is a valley, which 
submergence would convert into a narrow strait connecting 
opposite seas. Along such a passage tides coming in oppo- 
site directions race furiously, and, where they meet, the 
materials swept along by the currents are piled up in 
mounds and ridges having the outline and structure of 
eskers. Some fine groups of eskers are perched on pla- 
teaus ; in such a case we find that a certain submergence 
would convert the plateau into a low spit of land, over 
which the tides woidd wash at high water from opposite 
quarters. 

One or other of the explanations just given will account 
for the formation of a large number of these singular hum- 
mocks, but not for all. We occasionally meet with long 
snake-like ridges, winding over the country with consider- 
able disregard to the inequalities of the surface, and it is 
by no means easy to say exactly how these were formed. 
In Scandinavia again, long ridges of gravel and sand, 
known as Asar, are plentiful ; they can sometimes bo 
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gtavel enters a tidal sea. The ^eater part of the heavy 
material is let fall near the moutlx of the river and forms a 
‘ ' bar.** At low water there is nothing to check the force of 
the stream, and it rolls the gravel np the inner face of the 
bar and arranges it in layers dip]^g towards the land ; as 
the tide rises me river is pounded back, and the incoming 
waves roll pebbles up "the outer face of the bar, spreading 
them out in beds which dip towards the sea. 

At very many spots where eskers occur, exactly such 
conditions as these would be produced if the land were 
submerged. Eskers are extremely common, for instance, 
where large mountain valleys open out into flatter country. 
Supposing the sea to encroach as far as the mouths of the 
vafleys, the load of debris brought down by the mountain 
torrents would be tossed about alternately by the stream 
and the incoming tide, and arranged in mounds and ridges. 

An excellent instance of eskers lying in such a situation 
is found in the lower part of Ennerdaie, and is illustrated 
by Fig. 132. The sketch is taken just where the hills of 
tlie I^e country begin to rise from the plain of West 
Cumberland. The long, narrow mountain-vaUey is seen 
stretching away in the distance ; the two moundy hills in 
the foreground with trees on them, are eskers planted just 
where the valley opens out on to the flat country; they 
form part of a group which runs across the mouth of the 
valley, and extends far out into the plain. 

Another favourite locality for eskers is a valley, which 
submergence would convert into a narrow strait connecting 
op]X)Bite seas. Along such a passage tides coming in oppo- 
site directions race furiously, and, where they meet, the 
materials swept along by flie currents are piled up in 
mounds and ridges having the outline and structure of 
eskers. Some toe groups of eskers are perched on pla- 
teaus ; in such a case we tod that a certain submergence 
would convert the plateau into a low spit of land, over 
which the tides would wash at high water from opposite 
quarters. 

One or other of the explanations just given will account 
for the formation of a large number of these singular hum- 
mocks, but not for all. We occasionally meet with long 
snake-like ridges, winding over the country with consider- 
able disregard to the inequalities of the surface, and it is 
by no means easy to say exactly how these were formed. 
In Scandinavia again, long rid^s of gravel and sand, 
known as Asar, are plentiful ; they can sometimes be 
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sufficient to enable it to cut down its b ‘d, long enough to 
enable it to spread out a sheet of aUuvium. Afterwards, 
owing to a c^nge in physieal geography, the fall or 
volume of the river increased ; it began to cut down its 
channel, and the valley was deepened. During this process 
the whole of the alluvial sheet was carried away except the 
bit at a. The deepening of the valley went on till it was cut 
down to the level (2), when the fell was so far decreased 
that erosion ceased, and a second alluvial flat was pro- 
duced. Then the deepening process began again, a great 
part of the second alluvial deposit was swept off, but two 
patches (h h) remain at corresponding levels on either 
side of the valley to mark its position. When the valley 
had been eaten out to its present depth, the stream again 
began to form deposits on each side, and produced the pre- 
sent flat (c). 

Many river terraces have been formed in the manner 
Just described, but probably not all. For instance, a very 
ingenious .explanation of the formation of gravel terraces 
by the aid of glaciers has been suggested by Professor 
Jamieson in the paper quoted a little way back (Quart. 
Joum, Geol. Soc. of London, xxx. 383). 

Searbeaches. — We have seen that the action of the sea 
tends to wear down whatever stands in its way to a uniform 
level. By this means, if the land remain long enough at 
the same level, a notch or shelf is cut around the coast, and 
upon the terrace so formed the tides spread out sand and 
shingle. 

Baised Beaches. — ^These sea-beaches correspond among 
marine deposits to the alluvial flats of rivers; and Just 
as a river valley is sometimes edged with old alluvial 
terraces, so we occasionally find terraces of sea-sand and 
shingle, fringing the coast at various heights above the 
present sea-level, which were formed when the land stood 
lower than at present. Fig. 134 illustrates such a case. A 
is the present beach bounded on the landward side by a 
ridge (%) of shingle thrown up by the waves. Above this 
there is an old beach {a) and a shingle ridge (b)j correspond- 
ing in every respect to A and and evidently formed 
when the land stood so much lower that the tides ran up 
as far as 

These old marine terraces go by the name of Eaised 
Beaches ; they are frequently boxinded towards the land by 
lines of bluffs, in which it is easy to recognise former sea- 
cliffs ; the caves worn in them by the action of the waves, 
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and sometimes even the marine shells that lived on their 
face, often remain long after the sea has retired. 

Sttrflaces of ]!>elta«. — ^When a tract of low land hae 
been formed by the accumulation of sediment at the mouth 
of a river, fresh-water or marine alluvium is spread over 
it during floods or high tides, and it acquires an even sur- 
face. In this way the whole of the Netherlands has been 
formed out of mud brought down by the Bhine. 

8ilt6d-*Tip Xiakas. — ^Where a lake has been filled up by 
the deposition of sediment, a flat resembling the alluvi^ 
plains of rivers is produced. 

In all these cases of alluvial surfaces their flatness is the 
result, not of denudation, but of the slow and regular de- 
position of sediment in horizontal beds. As they are for 
the most part low-lying, they occupy positions where the 
action of denudation is feeble, and they therefore retain for 
a long time their original evenness of surface. 
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Fig. 184. — Sbctiok op Modeen and Old Sba-beach. 


A. Modem Beaeh. B. Modem Shingle Eidge. 

a, Anoient ditto. h. Ancient ditto. 

L. Freaeut High Tide Lerel. 

IPrairies and Deserts. — ^It seems likely that the wide, 
rolling, dry prairies of North America have originated in 
the fiffing up of a great sheet of water which once extended 
over parts of Iowa, Illinois, Indiana, and Michigan, and of 
which the present North American lakes are the dwindled 
remnants.’*^ 

It may be also that deserts, such as the Sahara and those 
in the interior of Australia, are old sea-bottoms but little 
modified by denudation, 

Summary. — ^When we come to sum up the results of this 
chapter, we find that, with a very few unimportant excep- 
tions, the dry land has everywhere a carved and sculptured 
surface, and that the tool which gave it its present shape 
was water, liquid or solid. 

* On the Ori^ of the Prairies Prof. Alex. Wmchell, Blllunan’s 
of the Valley of the Mississippi, Joum., 2nd sex., xzxviii. 832, 444. 
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In the majcmty of cases, the contours and inequalities 
of the ground are due to this cause alone ; hills exist, not 
because the materials of which they are composed have 
been pushed up higher than the surrounding country, but 
because, while denudation carried away some parts, other 
parts were better able to hold out against its wearing action 
and were left standing up. Valleys have not been pro- 
duced by a bending down or fissuring of the earth^s crust, 
but are trenches eaten out by running water or moving ice. 

The sea and subaerial denuding forces had each a dis- 
tinct share in the work. As continuous gentle elevation 
raised the sea-bottom into the air, the waves pared it down 
to an even surface, known as a Plain of Marine Denuda- 
tion, and subaerial agents carved this out into hills and 
valleys. The action of the one may be compared to the 
labour of the quarryman, who furnishes a rough-hewn 
slab ; the work of the others resembles that of a sculptor, 
who carves out on the surface of the marble a subject in 
relief. 

In the case of great mountain chains however and the 
broad valleys that lie between them, the elevatory forces 
have played a more prominent part in determining the 
shape of the surface. A long narrow zone of the eartih’s 
crust was ridged up faster than denudation could wear it 
away, or under circumstances where denudation could not 
act, and thus the main shape and direction of the range was 
established. Thus much must be assigned to elevation, 
but all the lesser details are the work of denudation, which 
cut out the peaks that crown and the gorges that traverse 
the ridges. 

In some cases, then, elevation has had a leading share in 
determining the reliefs of the earth’s surface, and water has 
pven the finishing touches ; in the majority of cases the 
inequalities, great and small alike, have been wholly the 
result of denudation. 

The chief exceptions to this sweeping statement are the 
cones heaped up by volcanic discharges ; the mounds and 
ridges of sand and gravel piled up by waves and wind; 
moraines ; and the flats formed by the deposition of alluvial 
sediment and by the silting up oi lakes. 

Of the abimdant literature on the subject of the present 
chapter the following may be specially commended to the 
reader’s notice : — 

Hutton^ B Theory of the Earth, and Playfair^ i IHustrationa 
of the Huttonian Theory. 
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Scrope. — ^The Geology and Extinct Volcanoes of Central 
France, chap» ix. 

• Rama ^, — On the Denudation of South Wales and the 
adjacent Counties of England. Memoirs of the Geological 
Survey of Great Britain, i. 297. The Physical Geology 
and Geography of Great Britain. 

The Old Glaciers of Switzerland and North Wales. 

/. B. Jukes. — On the Mode of Formation of some of the 
Eiver Valleys of the South of Ireland. Quart. Joum. Geol. 
Soc., xviii. 378. 

A. Geikie . — The Scenery of Scotland viewed in connec- 
tion with its Physical Geology. 

On the Phenomena of me Glacial Drift of Scotland. 
Transacts. Geol. Soc. of Glasgow, vol. i. part 2. 

Earth Sculpture. Nature, ix. 60. Transacts. Edinburgh 
Geol. Soe., ii. 248. 

W. Whitaker. — Subaerial Denudation. Geol. Mag., iv. 
327, 447, 483. 

C. Le Neve Foster and W. Topley. — On the Superficial 
Deposits of tlie Valley of the Medway, with Eemarks on 
the Denudation of Valleys. Quart. Joum. Geol. Soc., 
xxi. 443. 

W. Topley. — ^Notes on the Physical Geography of East 
Yorkshire. Geol. Mag., iii. 435. * 

J. Geikie. — The Great Ice Age, chap, xxi.. Note D. 

Prof. F. V. Hayden. — United States Geological Survey of 
the Territories. Profiles, Sections, and other illustrations 
designed to accompany the final report of the Chief Geolo- 
gist of the Survey. New York, Jiuius Bren, 1872. (Con- 
tains admirable instances of escarpments, dip-slopes, tabular 
outliers, and other features resulting from denudation.) 

Sun Pictures of the Eocky Mountains. 

The reader will do well to compare with the theory of 
surface-sculpture upheld in the preceding memoirs, chapter 
xix. of the late Prof. Phillips’s Geology of the Valley of 
the Thames. Elegant and ingenious as is the explanation 
there put forward, there is about it an unsatisfactory vague- 
ness and want of definition, which contrasts strongly with 
the sharp precision and logical coherence of the views on the 
subject of which a sketch has been attempted in the pre- 
ceding pages, and which axe stoad^y gaining ground among 
modem geologists. 



CHAPTEE XI. 

ORIGINAL FLUIDITY AND PRESENT CONDITION OF TBE 
INTERIOR OF THE EARTH. CAUSE OF UPHEAVAL 
AND CONTORTION, ORIGIN OF THE HEAT RE- 
QUIRED FOR VOLCANIC ENERGY AND MET AMOR- 
PHISM. REMARKS ON SPECULATIVE GEOLOGY. 

Sit xnihi fafi 

Pandere res alta terra et caligine mersas. 

Virgil. 

SECTION L~THE PRESENT PHYSICAL CONDITION OF 
THE EARTH. 

I T was pointed out in the opening chapter that the geolo- 
gist’s first business was to make himself acquainted 
with those portions of the earth which he could actually 
observe^ or the nature of which observations made on the 
surface would enable him to infer with very trifling risk of 
error ; and that, imtil he had mastered this branch of the 
subject, he would not be in a position to speculate on the 
character of the inaccessible interior. The time has now 
come when we may enter upon this fascinating but, in the 
present state of our knowledge, somewhat unsatisfactory 
theme. 

The subject is not one of barren curiosity. Till we do 
know what is going on far down under our feet, we can 
only very imperfecuy explain several things that are hap- 
pening or are now visible at the surface. We cannot say, 
for instance, where lies the source of volcanic energy, or 
what is the force that has given rise to folding, contortion, 
and faulting. When we reflect on the great importance of 
a thorough knowledge of faults to the miner, we see that 
even the somewhat abstruse speculations in which we are 
about to indulge are not without a practical bearing. 

It is evident that we can learn nothing by direct (mserva- 
tion about the nature of the earth’s interior. As in all 
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those cases -where we have to reason about matters which 
are beyond the grasp of our senses, we must begin with an 
hypothesiB, whidh may be suggested to us by some facts of 
observation, or may be pui’eiy the outcome of our own 
mental ingenuity. We then ascertain by deductive reason- 
ing what results would follow if our hypothesis were true. 
Finally, we compare the consequences that follow from the 
hypothesis with the observed facts ; and the probability 
that our hypothesis is correct rises in proportion as the 
points of agreement between the two become more numer- 
ous and exact. 

Now in the case before us the main facts we can learn 
from observation, which are of use in checking and esti- 
mating the probability of the truth of any hypothesis that 
may occur to us, are these — ^that the earth is a spheroid 
of revolution veiy nearly ; that its mean density is about 
double the average density of the surface rocks ; and that, 
as far as we have been able to penetrate, it grows steadily 
hotter as we go down, and must therefore be constantly 
losing heat. 

Any speculations we may indulge in about the deeply 
seated regions of the earth must be consistent with these 
facts of observation ; but the facts do not of themselves 
help us much to an hypothesis about the nature of the 
interior and the process by which its present condition was 
arrived at. 

Some such hypothesis we must have, and it appears that 
we must either trust entirely to our own ingenuity to 
invent it, or look beyond the earth for the facts that are to 
suggest it. 

Now observation of cosmical phenomena has suggested 
a theory of the development of the solar system kaown 
as the Nebular Hypothesis, which, if it can be securely 
established, will aid us materially in our present inquiry, 
for it will teU us what was the state of the earth’s interior 
at a very remote period, and what changes it has been 
passing through since, and so will enable us to make very 
probable conjectures as to the condition it has by this time 
arrived at. 

This hypothesis was originally sketched out by Kant, 
and was afterwards more fully developed by Laplace. 
The substance of it is as follows. 

There are in the heavens faintly luminous cloudy 
masses known as nebulae, and the spectroscope has lately 
revealed to us the fact that some of these are bodies of 
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glowing hot gas, and the appearance of some of them is such 
as would be produced by rotation roxmd an axis. As the heat 
escapes from these by radiation into space, they must con- 
tract ; whenever from time to time the fihrinidng has gone so 
far that the central attraction is no longer able to overcome 
the tendency of the outside portion to fly off, a ring is sepa- 
rated which afterwards collects together into a b^. By a 
continuation of this process the n^ula is at last broken up 
into a number of balls, all of which revolve roimd the centre 
of the original mass and rotate on their axes in the same 
direction, and a central globe, which retains its heat after 
the balls have parted with a large portion of theirs. In 
a word, the nebula is in this way transformed into a group 
of planets revolving round a central sun. The theory which 
supposes the solar system to have originated in the manner 
just sketched out, accounts so satisfactorily for many of 
the main characteristics of the planetary system, that there 
is a very strong probability in favour of its being true. But 
for details on this head the reader must turn to works on 
astronomy ; we have to do witb the theory here only so far 
as it concerns the earth. Accoixling to it, our globe was 
originally an intensely heated, rotating mass of gas, and has 
assumed its present form by gradual cooling. 

Our task, then, will be first to lay before the reader all 
the facts about the constitution of the earth which can be 
gathered from observations made at or near the surface ; 
secondly, to see bow far these facts fit in with and confirm 
the hypothesis of the nebular origin of the earth ; and, 
thirdly, assuming that hypothesis to be true, and that the 
earth was once fluid, to inquire if we can form any esti- 
mate of the state to which the interior must by this time 
have been brought, whether any portion stiU remains 
fluid, or whether solidification has extended from surface 
to centre. 

Sliape of the XSarth. — ^In order to get a proper notion 
of what is meant by the shape of the earth, it is necessary 
clearly to realise that even the very largest inequalities of 
its surface, the loftiest moimtains and the deepest ooeaiiic 
depressions, are very small indeed compared with the dis- 
tance from the centre to the surface, and may be altogether 
neglected when we look at our globe as a whole. So small 
are they, that, if we could take a journey into space and 
view the earth from a moderate distance, its outline would 
look as even and regular as that which the moon presents 
to us. 
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In tliis broad sense it is well known that the earth may 
be readily proved to be globular in shape, and that more 
accurate investigations show it to be not an exact sphere, 
but to be flattened like an orange. The questmn of 
the determination of the exact figure of the earth has 
engaged the attention of 
many mathematicians, and 
tJiey have shown that the 
foim which agrees best 
with the observed mea- 
sur(^ment6 is that of a solid 
generated by the revolution 
of a half ellipse, A B h. 

Fig. 135, about its shortest 
diameter, B h. The name 
given to such a solid is an 
oblate spheroid; B and h 
art' the poles, B h the ])olar 
axis, the circle described 
b}^ A the equator; and if 
C be the middle j^^wDint of 
B h, A 0 is the equatorial 
radius or axis. Li the case 
of the earth A C is a little 
short of four thousand miles, B 0 between thirteen and 
fourteen miles less.* 

For an account of the methods used to determine the 
figure of the earth the reader may refer to Lockyer’s 
Elementary Lessons in Astronomy, chap. viii. ; Aury’s 
Ipswich Lectures, pp. 36 — 51 ; Encyclopaedia Metropoli- 
tana, Art. ^‘Figure of the Earth;” Baily, Astronom. Soc. 
Memoirs, vol. viii. ; Sir H. James, Phil. Trans., 1856 (vol. 
cxlvi.), p. 607 ; Comparisons of Standards of Length, 
Crdnance Survey of Great Britain, Appendix; Archd. 
Pratt, a Treatise on the Figure of the Earth, 4th ed. 

Mean Density of the Sarth. — The weight of the 
whole earth has been determined by several physical and 


B 



* Some geometore have thought 
that the results of ohservation can 
he best reconciled by supposing 
+hat the earth is not exactly a 
solid of revolution, and that the 
equator is not a circle but an 
ellipse whose longest diameter is 
between one and two miles longer 
than the shortest diameter. For 


a summary of their views see 
Nature, x. 160. Archdeacon Pratt 
has thrown great doubts on the 
neces'dt.y for such a supposition 
(see Figure of the Earth, 4th ed., 
181). Sir W. Thomson supports 
it. Natural Philosophy, Arts. 796, 
797. 
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afitronomieal considerations, and it has been found that our 
globe weighs between five and six times as much as an 
equal bulk of water. We express this by saying that the 
mean density of the earth is between 6 and 6, The rocks 
of the crust are on an average about two and a half times 
as heavy as water, so that the rate of the mean density 
of the crust to the mean density of the whole earth lies be- 
tween 5 to 10 and 5 to 12, or may be put at 5 to 11. It 
follows from this that the interior of the earth must con- 
tain matter far denser than that which forms the crust. 

We know nothing for certain about the >vay in which 
the materials of the earth are arranged, but an expres- 
sion, due to Laplace, which wdU be given fui’ther on, re 2 )re- 
sents very 2)robably tbe law^ of the density of the interior. 
If w^e enqdoy this expression to calculate the probable 
density at ditferent dei)ths, we shall find, taking the 
density of the surface to be 2*5 — 
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The densities of the principal metals are— Gold, 19‘r5; 
Lead, 11*3 ; Silver, 10*5 ; Iron, 7*8 ; so that the density half 
way down is about that of Iron, the density at the centre 
less than that of Silver. 

Two exjdanations have been offered to account for the high 
mean density of the earth. It has been suggested that, far 
down bekw the surfat?e, the enormous weight of the over- 
lying ro(hs w’ould alone suffice to ooiiq>ress the material of 
the interior, and make it as dense as observation shows it 
to bo. It is, however, an open question how far we can go 
on increasing the density of bodies by increasing the 2 )res- 
sure to which th5y are subjected. Ex}>erimonts, as far as 
tliey have gone, seem to snow* that, as the j)rcssui'e is in- 
creased, the density increases, but at a rate that constantly 
grows loss and less. It is therefore possible that the 
iiffec't of additional 2 )ressure in rendering a body more 
dense may l>ecome Igs/^ and loss till a jxiint of approximate 
niaximuTu density is reached, and that beyond that no in- 
ciease in the pressure will add sensibly to the density. 
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Those who hold this view account for the high mean 
density of the earth by supposing that the interior contains 
a much larger percentage of heavy metals than the crust. 

On the subject of the earth’s density the reader may 
consult Lockyer’s Elementary Lessons in Astronomy, 
Arts. 634 — 637 ; Airy’s Ipswich Lectures, m). 205 — 
214; Maskelyne, Phil. Trans., 1775, p. 600; Cavendish, 
Phil. Trans., 1798, j). 469; Baily, Astronom. ^c. Montlily 
Notices, iv., 96; Phil. Mag., xxi, (1842), 111; Sir II. 
James, Phil. Trans., 1856, p. 591. 

Internal Temperature of the Earth. — The tempera- 
ture of the surface of the earth varies accordiug to the time 
of day and the seasons ; as we descend below the surfa(x\ 
we find the oscillations due to these causes to grow less and 
less, and at last we reach a point where they cease to make 
themselves felt, and the temperature of the rock is jirac- 
ticaUy constant. A surface passing through all the points 
thus determined is called the stratum of inmriahle tempera- 
ture ; its depth increases, on the whole, from the equator 
to the poles, but many local variations are caused by dr- 
oumstances such as unequal conducting power of the sur- 
face ro(;k, and for this reason the depth of the iiivariabh* 
stratum does not follow any fixed law from ])lace to phu'c. 
At Groonwicli it is found at a depth of 50 feet, and tin* 
tcm])oratiire of the earth is there 49-5“ Fah., or one 
degree higher than the mean temperature of the air. 

\Vlien we pass below the stratum of invariable tempera- 
ture, it has been found, wherever obstawations have been 
made, that the deeper we go the hotter does tin; ^nirth bt*- 
come. The rate of increase detemiinod in various cases 
varies between very wide limits, perhaps about Fah. 
for every GO feet of descent will be about the averugt> of all 
tlie observed rates. The depth of the deepest point whose 
temperature has been noted falls considerably short of a 
jiiiile, and observation therefore merely justifies us in say- 
ing that, for the moderate depths to which we have been 
able to penetrate, the temperature increases as we descend. 

The reader may refer for details to Philli 2 ).s, Phil. Mag., 
v. 446 (1834); Forbes, Trans. Eoyal Soc. of Edinburgh, 
xvi. 189 (1846) ; Angstrom, Upsala Nov. Act. Soc. Sci., i., 
147 (1851); Hopkins, Phil. Trans., 1857, p. 805; Hull, 
Proceed. Eoyal Soc., xviii. 175 (1870), Quart. Journ. 
Sci., V. 14 (1868); Eeports of the British Association 
Committee on Underground Temperature, 1868 — 1872; 
Sir W. Thomson, Trans. Eoyal Soc. of Edinburgh. x\ii. 
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405 (1860); J. D. Everett, ibid., xxii. 489 (1861), xxiii. 
21 (1861), Edinburgh New Phil. Joum., xiv. 19 (1861), 
Eeports of British Assoc., 1859, Trans. Sect., 245; Sil- 
liinan^e Journal, xxxv. 17 (1863), Proceed. Belfast Nat. 
Hist, and Phil. Soc., 1873 — 1874, p. 41 ; Greenwich 
Observations, 1860, p. cxciii. 

Inferences from the foregoing Facts. — Such being 
the facts we gather from observations at the surface, we 
have next to see how far they are in accordance with the 
hypothesis that the earth has assumed its present condition 
by cooling down from an intensely heated gaseous or fluid 
state. 

It is of course open to any one to maintain that the earth 
came into being just as it is now, with the exception of 
those surface modiflcations which geology shows have been 
for a long time and are now going on ; but the supporters 
of such a view, if there be any, will have to get over several 
very ugly objections. First, with regard to temperature, has 
it always been the same as now ? In that case, since heat 
Ms constantly passing away by radiation, there must be some 
means of making good the loss, and keeping the interior at 
a constant temperature. No adequate means of brinmng 
about this adjustment has yet been suggested. But if we 
sui^pose that the earth was once far more higldy heated 
than now, we can understand that the inside must be hotter 
than the surface, because the heat passes off from the latter 
by radiation, and from the former by conduction through 
materials of very low conducting power. The only reason- 
able explanation, then, which has been offered of the cause 
of internal heat is, tliat the earth is, and always has been, 
a cooling globe, which is exactly what the nebular hypo- 
thesis supposes to be tte case. 

Again, ivith regard to shape. If any hold that the pre- 
sent figure is original, they are bound to give reasons why 
it is a spheroid and not a sx)here, and why, of the innumer- 
able spheroids x^jssible, a particular one has been chosen 
rather tlian any other. No f) 088 ible reason can be assigned 
for the i)ref erence ; we can see no useful end that was to be 
served by giving the earth exactly its present cllij)ticity, or 
any possible harm that would result from its being more or 
less elliptical. But we can show that all these peculiarities 
of shape would probably follow as a matter of course, if the 
earth has consolidated from a fluid state. 

For those who wish to know the grounds on which this 
statement is based, we offer a short outline of the stexis by 
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which mathematicians have been able to prove this point. 
If a mass of heterogeneous fluid, acted on by no force 
besides the mutual attraction of its particles acjcording to 
the law of gravity, rotates about an axis, the following re« 
suits have been arrived at respecting its shape and internal 
constitution. 

(1) The external form is an oblate spheroid, whose axis 
is that of rotation. 

(2) If a surface passing through all the points where the 
density is the same be called a surface of equal density, 
then ail these surfaces are concentric spheroids, having the 
axis of rotation for a common axis. The eUipticities of the 
surfaces of equal density decrease from the surface towards 
the centre. 

(3) Surfaces of equal density are also surfaces of equal 
pressure. 

(4) The density increases along any straight line from 
the centre to the surface. 

Now in order to apply these results to decide whether it 
is probable that the earth’s present shape is due to conso- 
lidation from a fluid state, we must do this. Wo must 
take a body of fluid having the same mass and volume and 
rotating in the same time as the earth, calculate what would 
be its ellii)ticity, and see whether it comes out the same as 
the observed ellipticity of the earth. The actual process, 
however, is one of gi*eat difficulty and comidexity. We 
could determine the eUipticity of the surface if we knew 
the law connecting the density at any punt, and the dis- 
tance of that point from the centre. The density at any 
point will depend upon three tilings, the material of which 
the earth is composed at that point, and the temperature 
and pressure at that point. We know none of these tliree, 
and, if wq knew them all, wo should not be much better ofl, 
for we are unable to say what density a given temperature 
and pressure would produce in a given material ; we could 
say that temperature would tend to decrease and pres- 
sure to increase the density, but not to what extent. We 
are therefore obliged to assume some law of density, and 
see vffiether the results that follow from our assumption 
agree with those of observation. Laplace assumed that 
»lie law connecting the density and pressure within the 
earth was such, that the increase in pressure varies as the 
increase in the square of the density. In the case of a 
perfect fluid, that is a fluid in which there is no fnetion 
oetween the particles, the density is proportional to the 
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pressure, or double the pressure and you double the den- 
sity ; while with Laplace’s law, to double tlie density the 
])ressuro must be increased more than fourfold. There is 
an d priori probability in favour of such an assumption. 
The material of the earth, when it assumed its present form, 
iiad probably so far cooled down as to be pasty and vis- 
cous, so tliat there would be a good deal of friction between 
tlu‘ particles, and therefore the force necessary to bring 
tlnmi closer together would be greater than in the (^ase of 
a perfiKit fluid. This assumption led to the following result. 
If we denote by Da the density at every point on a surface 
of equal density whose semi-axis is a, then 
A 

Pa - sin {(ja), (1). 

whor<^ A and q are constants, that is the same for all sur- 
fjK'es of equal den sh y. 

We have next to determine the numerical values of A 
m\<Xq; and this w(' do in the following way. If r repre- 
sents the polar radins of the earth, we obtain the expression 
for the density at the surface by substituting r for a iu 
c(|uatiou (1), or 

A 

Surface Density = sin {qr), 

( Observation shows that the surface density is about 2.5, 
so tliat 

~ sin {gr) =r 2*6. 

Again, we cfin by a little calculation, frame from the 
general formula (1) an expression for tin? mean density in 
‘lemis of A and q ; this we equate to the value of the mean 
density obtained from observation. Thus we arrive at two 
ecpiations, from wliich the numerical values of A and q 
are determined. 

Further formulae, which are too complicated to be intro- 
duced hero, give the eccentricity in terms of A and q ; and 
now that w’e know the values of these quantities, we can 
determine the value of the eccentricity which follows from 
Laplace’s assumption, and see if it agrees with the observed 
value. When the calculations are made, the value obtained 
from theory is found to be almost exactly the same as the 
values given by several independent methods of observation. 

As a further cheek on the correctness of the assumed 
law ol de isity, we may determine what results it leads to 
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respecting the variation of gravity at different points of the 
earth’s surface and the amount of the Precession of the 
Equinoxes, and here again the calculated and observed 
values are closely in accordance with one another. 

These remarkable coincidences are strongly in favour of 
the hypothesis of the earth’s original fluidity, and no other 
theory has been propounded to account for the observed 
facts by the operation of natural causes. But there is not 
evidence enough to justify us in saying that no other satisfac- 
tory theory can be devised. Professor Stokes has pointed 
out that, for aU we know to the contrary, there may be other 
laws of density wliich would give equally satisfactory results, 
lie has shown that, in order to have the agreement we have 
arrived at between theory and observation, two things only 
are necessary. First, the earth’s surface must be what is 
called a siirface of equilibrium,” that is, one of the sur- 
faces which a rotating fluid mass tends to assume when 
acted on by nothing but the mutual attraction of its par- 
ticles. Secondly, the interior density may follow any law 
whatever, provided only tliat the surfaces of equal density 
are nearly spherical, and have a common centre and axis. 
The first condition is cerbainly and the second probably 
satisfied in the case of the earth, and hence, whatever be 
tlie law of the density of the interior, the observ’od and cal- 
culated values of the change in gravity and of the preces- 
sion will agree. The tests, then, we have applied are not 
sutficient to establish the correctness of the assumption on 
which the truth of the fluid hypothesis is based, and it is 
])08sible tliat the earth may have assumed its present shape 
in some other way than by consolidating from a fluid state 
At the same time, Professor Stokes admits that Laidace’s 
law represents in all probability apjiroximately the distri- 
bution of matter within the earth, and that the agreement 
of the results of calculation deduced from it witli those of 
*>bsorvation furnishes a certain degree of evidence in favour 
of the hyjjothcsis of original fluidity.^ 

It is so importiint that the student should clearly realise 
how^ far known facts may be fairly said to be in favoiu* of 
the earth’s original fluidity, that we will repeat under some- 
what a different form the line of argument just 'worked out. 

If w^e start with the assumption tliat the matter compos- 
ing the earth was once a fluid mass rotating about the 
present axis, meclianical considerations show that the form 

* Pratt, Figure of the Earth, 4th ed., Concliision ; Cambridge and 
Dublin Math. Journ., iv. 210. 



488 


GEOLOaY. 


assumed on eonsoUdation will be an oblate spheroid having 
the axis of rotation for its geometrical axis. The earth has, 
we have seen, this shape. If we make the further assump- 
tion that the matter in consolidating arranged itself acoora- 
ing to the law of density ado 2 )ted by Laplace, we find that 
the calculated values of the elliptieity, of the variation of 
gravity over its surface, and of the amount of precession, 
come out almost exactly the same as those obtained from 
observation. 

The question then arises, do these coincidences warrant 
the conclusion that our* two assumptions are necessarily 
true ? They ojbviously do* not, unless wo can show that no 
other hypothesis leads to an equally close agreement be- 
tween the results of theory and observation. 

Now, curiously enough, it turns out that the variation of 
gravity and the amount of precession will be the same 
whatever be the law which governs the density of the 
interior, provided only that the external surface is a sur- 
face of equilibrium,” and the surfaces of equal density are 
sjiheroids of small eccentricity with a common centre and 
axis. Our earth is bounded by a surface of equilibrium, 
and there is every reason to believe that the arrangement 
of the interior must satisfy the second condition. Hence 
the surface variations of grarity and the 2 )rocession tell us 
nothing about the law of density that obtains in the interior ; 
they would remain exactly what they are even if the density 
followed a law difierent from that assumed by Laplac^e, 
and really the coincidences which obtain in their ease be- 
tween the theoretical and observed values, add nothing to 
the evidence in favour of Lajdace’s assumption. We are 
therefore thrown back on the eccentricity, and here tliere 
is the obvious objection that, though the fluid hyi3oth(‘si8 
does lead to a value the same as the actual one, it is yet 
perfectly conceivable that an equally satisfactory th(H)ry 
might be devised, which would account for the earth^s 
present sliaj^e in some other way. But till some one shall 
point out what that other way was, and by what machinery 
it produced the earth’s present shape, we are bound to 
look favourably on the fluid theory, because it does supply 
us with a definite mechanical process perfectly cajjable of 
effecting the observed result. 

To this recapitulation we may add, that it is worthy also 
of note, that whatever the law of the internal density, it 
is necessary that the external shape of the earth should be 
that which a rotating mass of fluid assumes, or we should 
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not have the requisite agreement between calculation and 
observation. This fact constitutes an antecedent proba- 
bility that original fluidity has been the cause of the earth’s 
figure. 

We may fairly say then, that the hypothesis of the 
original fluidity of the earth is the only hypothesis yet 
propounded which furnishes a satisfactory explanation of 
the origin of the earth’s figure, and that, till some better 
explanation is offered, we are bound to accept it as a highly 
probable provisional theory. 

It is also in its favour that it does not stand on its own 
legs only, but is really part and pai*cel of- the far wider 
Nebular Hypothesis, on behalf of which independent argu- 
ments might be urged. 

Present State of the Earth’s Interior. — Boeing, then, 
that it is likely that the earth was once wholly fluid, our 
next inquiry will he whether any part of it is still in that 
state, and, if so, how much ? 

Doctrine of a Thin Crust. — A very off-hand solution 
of this question was at one time thought sufficient. It had 
been found that for small distances below the surface tlie 
earth grew hotter the deeper we got into it ; and if the 
heat went on increasing at the same rate, it was easy to see 
that at points not very remote from the surface a tempera- 
ture must exist wdiich would ho quite sufficient (kt atmo- 
spheric pressure to melt the most refmetory su\>stance8. It 
was therefore maintained that tlie interior of the earth 
must be nec.essiirily in a state of fusion, and that the only 
supposition reconcilable with the known increase of heat 
downwards was that there was an outside solid cruet not 
many miles thick, wliile below that the earth consisted of 
melted matter down to its centre. To oxj)lain this state of 
things, it was supposed that the solidification of the earth 
began at the outside, spread slowly downwards, and had 
not yet extended to any gi^eat depth. It wm believed that 
volcanoes drew their lava from the great internal reservoir 
of molten matter, and that the })henomona of upheaval and 
the displacements of tlie stratified rocks were caused by 
upswelungs of portions of the seething mass.’*^ 

The doctrine that the earth consists of a thin crust and a 
molten interior was at one time very generally accepted, 
and it is by no means certain yet that it is altogether mlse. 
It has, however, been opx)Osed on various gi'ounds, and 

♦ For a snmmary of those views tbrnm., Jan., 1S28, p. 273 ; Paris 
iee Cordier, Edinburgh New l^hil. Mem, Acad. Sci., vii. 473 (1827). 
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some of the objections, it must be allowed, have con- 
siderable weight. It is easy to see that the arguments by 
which it was originally supported did not take into account 
several considerations, which, it is possible, might modify 
its conclusions very seriously; and other objections have 
been raised to it on mechanical grounds. We must now 
consider the arguments of those who oppose this view. 

In the first place, the doctrine of a thin crust involves 
the assumption that the temperature continues to increase 
to all depths at the same rate as had been observed near 
the surface. Sir W. Thomson has shown that it is perfectly 
possible that this may not be the case. He inclines to the 
belief that the temperature would increase at the rate of 
1*^ Fah. for every 51 feet down to a depth of 100,000 
feet or so, but that below that depth the rate of increase 
per foot would begin to diminish sensibly. At 400,000 
feet the rate would be 1® for 141 feet; at 800,000, 1 ° for 
2.550 feet, and so on in a rapidly diminishing’ ratio. Such, 
he tliinks, is the probable representation of the earth’s 
X^resent temi^erature down to 1 00 miles, below which the 
whole mass is, whether liquid or solid, probably at, or 
nearly at, the ])ro])er melting point for the juessure at each 
depth. Sir W. Thomson has assumed in tliis investigation 
that no crust would he formed till the whole earth had 
cooled to a uniform temperature of 7,000*^ Fah. (wliioh he 
takes to be about the average melting point of rock), that 
is to say, till the whole earth was just on the point of soKdi- 
fication. This and some other assumptions j)erhap8 detract 
fmm the value of the result, still the investigation is of 
gr(?at imx)ortan(;e, as showing the possibility of a state of 
things very different from that imx>lied by the do(.‘trine of a 
thin crust.* 

Another oversight was committed in not taking into 
account the possible effects of pressure. Even BU])])osing 
the eurfa<>*e rate of increase of tem^^erature to be continued 
to all depths, y(‘t pressure would increase at the same time, 
and it is X)^rf^>t‘tly possible that, under great pressure, sub- 
stances may remain solid at tenix^eratures far higher than 
w^ould suffice to melt tliem at the surface. If the powder of 
XuvHSure to keep bodies solid be greater than the power of 
lioat to melt them, the earth might be solid to the core 
even tliough the surface rate of increase of temx)erature 
should be kept up to the centre. 

• Transact. Eoyal Soc. of Thomson and Tait, Natural Phi* 
Edinburgh, xxiii. part i, p. 157 ; losophy^ p. 689. 
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TTnfortuaatoly we know next to nothing about the rela- 
tion between the fiAiing point of rocks and the pressure 
tlio 3 ^ are subjected to; but, as this is a question which 
will come before us again before long, we will give here 
wliat little can bo said on the subj(?ct. It seems d priori 
likely that, if a body expands in melting, the fusing point 
wOl be raised by pressure; for the greater the pressure 
the greater will be the amount of energj^ required to force 
its molecules apart. Experiments have to a certain degree 
confirmed this inference, as will be seen from tlie result 
of Mr. Hopkins’s investigations given in the following 
table : — ^ 


J PieHsuic m llw 
to the sq. inch. 

Fusing points 
of 

Spenuucota. 

Fusing points 
of 

Wax. 

Fusing iioints 
of 

Stearine. 

Fusing points 

Rulplmr. 

Alru()!<i>hei'ic. 

124'^ 

148-5^ ' 

138" 

225^" 

7.7SH; 

140" 


155" 

275*5= 

! 11,880 

176-5‘' 

170*5" 

lOo" 1 

j 

285" 


On the other hand, in some metallic^ aUo^^s Mr. Hopkins 
failed to detect any elevation of the melting point by 
incu'eased pressure. ]\Ir. l>a\ud Forbes has also pointed 
out that, in the (;ase of Sulphur, the elevation of the fusing 
point goes on at a diminishing rate as the pressure in- 
cr(/ascs ; thus, between atmospheric pressure and that of 
7,790 lbs. to the inch, it takes an increase of 141 Ihs. to 
the ijich to raise the fusing point one degree, but between 
7,790 lbs. and 11,880 lbs. to the imli, it takes an increase 
of 409 lbs. to the inch to produce the same elevation ; and 
he has suggested that, just as there is probably a point 
l)(\yond which addition of pressure docs not make a body 
denser, so therc^ may be a similar limit bt\yond which the 
fusing point of a hod}’ is not raised by increased pressure.! 
The reiuainder the exj)erimeuts do not confirm this 
notion, fc^r the tendency in Spennaceti is decidedl\% and in 
Wax and Stearine slightlj", in the opposite direction; but 
[)erhaps wo can hardly reason fr(un such easily fusible 
substancies as to the properties of the more intractable 
materials of the eai*th. Quo thing, however, we may safely 
sa}'. Supposing that at gre^t de 2 )th 8 below the earth’s sur- 
face there is heat tending to juoduce and pressure tending 

* Report of British Assoc., 1854, t Chemical News, October 4th, 

Transact, of Sections, p. 57. 1867. 
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to prerent fusion, our knowledge is not sufficient to enable 
us to say which, at any given point, will prevail 

We are equally in the dark as to the effect of high tem- 
perature in tiering the conducting power and specific heat 
of rocks. 

Again, if we are to have a thin crust and a molten in- 
terior, the solidification of the earth must have begun at the 
surface ; but we do not know that this w'as the case, it may 
have begun at the centre. 

Whether solidification begins at the surface or at the 
centre, will depend on that relation between fusing point 
and pressure about which we are unluckily ignorant. If, 
during the time when the earth still retained a consider- 
able degree of fluidity, portions of tlie outside became 
solid, or increased in density ovdng to loss of heat by 
radiation, they would sink down into the still fluid mass 
below. If, as they aj)proached the centre, the increased 
pressure had a greater effect in preventing them from 
being fused than the increased temperature had in pro- 
moting their fusion, they would retain their solidity, and 
thus a solid nucleus would accumulate round the centre. 
This process would go on till the fluid portion had so far 
cooled do>vn that it was too pasty to allow of any hardened 
portions of the surface sinking through it. The external half- 
fluid shell would then begin to (iool by conduction, the super- 
ficial part "would part with its heat most rapidly, and, since 
none of it could descend, an external crust would be formed. 
In this way we might arrive at an earth vith a solid 
crust and a solid nucleus, and a shell of imperfectly fluid 
matter between. The gradual loss of heat by conduc- 
tion might subsequently cause the intermediate shell to 
solidify, and the earth might thus become solid from sur- 
face to centre. 

If, on the other hand, the influence of pressure in pre- 
venting fusion were less powerful than that of temperature 
in promoting it, the portions solidified at the suiiaco would 
be again melted as they sank, and the earth would be kept 
fluid throughout, till it reached the pasty state, when an 
external crust would begin to be formed. But even in this 
case we should not be able to say what is the present 
thickness of the crust unless we knew the original tem- 
perature, the time elapsed since it began to be formed, the 
rate of cooling, and sundry other things, about all of which 
we are hopelessly in the dark. It is perfectly possible that 
the crust may not yet have attained any gre^it thickness, 
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or it may be that solidification has worked its way down, 
to the centre. 

It appears, then, that, assuming the earth to have come 
into its present condition by cooling from a melted state, it 
must have one of the three following constitutions : — 

(1) It may consist of an extern^ solid crust and the 
interior may be wholly fluid. 

(2) It may consist of a central solid nucleus and an ex- 
ternal solid crust, separated by a shell of imperfectly fluid 
matter. 

(3) . It may be solid throughout. 

33ut we are altogether unable, with our present know- 
ledge, to decide by direct reasoning whi(di of these three 
states represents most probably the present constitution of 
the earth, or in the first and second cases to estimate the 
probable thickness of the crust. We must therefore see if 
any light can be thrown on the question by indirect 
methods. 

Argument from Precession. — ^Among the attempts 
made in this direc^tion, we must notice first the endeavours 
of the late Mr. AV. Hopkins to determine what is the least 
possible thickness of the earth’s crust that is consistent 
with the phenomena of precession and nutation. The 
actual calculations are exceedingly refined and intricate, 
but the following sketch will give an idea of his line of ar- 
gument, The attractions of the sun and moon on the por- 
tions of the earth which bulge out at the equator are 
always producing slight displacements of the earth’s axis, 
and these movements, combined with the earth’s rotation, 
cause the axis to move in the following fashion. Take 
two straight rods, unite one end of one to one end of the 
other by a loose joint, and connect the other ends by a 
bit of string ; tlien liold one rod j)erp(mdicular to the plane 
of the ecliptic, and move the other round, keepmg the dr mg 
always tight ; the extremity of the second rod will describe 
a circle in space, and the motion of the rod itself will re- 
semble in eveiything except speed the precession of the 
earth’s axis. Nutation consists in small deviations first to 
one side and then to the other from the position which the 
axis ■would have if precjession alone existed. It may be 
represented by supposing that the string in our illustration 
is slightly elastic, and keeps alternately lengthening and 
shortening itself a little, tinder these circumstances, the 
path of the end of the movable rod will be like the edge 
of a disc with a slightly crimped or wavy oxitline, and 
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tHs is the character of the path actually described by 
the extremity of the earth’s axis in space. It is important 
to note that these movements are due entirely to the 
spheroidal shape of the earth, and woidd not exist if it 
were a true sphere. In Fig. 136, lei A If C D ho a sec- 
tion of the earth through its axis, AU C F a circle whose 
diameter is the polar axis ; then, if we were to take away 
the protuberant portions of which ABCFyABCF are 
sections, there would be no precession ; if we were to take 
away the sphere A E C F the precession would be ^^ery 
much larger than it actually is, because the sphere 
A F C F, being rigidly attached to the protuberances, has 



Fig. 136. 


to be carried round with them, and acts as a drag, jjmvent- 
ing them from moving as fast as they wouJ<l if tlu'v ^voro 
not thus weighted. Now suppose that a portion, O' IL K Z, 
of the central s])here is replaced by a mass of perfrei fluid, 
the action of the sun and moon will not x>n>dti(‘e any pro- 
cessional movement on this fluid, and, as there will bo n<» 
friction between it and the external shell, the latter will 
slip freely over it. Under those circumstances it seems 
likely that the amount of precession would be larger than 
for an earth solid throughout. Now the amount of ])ro- 
cession calculated on the hyiiothesis tliat the earth is solid 
agi’oes very closely with the observed amount, oiul Mr. 
Hopkins set himself to wwk t^ .letermine how much 



ARGUMENTS OF SIR W. THOMSON. 


495 


of the interior could become fluid without impairing this 
agreement. On the supposition that the fluidity ivas perfect y 
and the change from the fluid to the solid par't ahrvpty he found 
that the thickness of the crust could not be less than one- 
fourth or one-fifth of the radius.* 

Argument from Bigidity. — ^The subject may also be 
approached in another way. The attractions of the sun 
and moon are greater on those parts of the earth that are 
nearer to them than on those which are farther ofl ; the 
solid part of the earth is for this reason subjected to un- 
equal pull, which keeps it in a constant state of strain. The 
same attractions will also tend to make the internal fluid 
portion bulge out on the side nearest the attracting body, 
and exert a pressure on the external shell tending to stretch 
the latter. Wo may try to determine what is the least thick- 
ness which will enable the crust of the earth to bear this 
strain and thrust, and prevent its being dragged or forced 
out of shape. This problem has been attacked by Sir W. 
Thomson, t 

He supposes the earth to consist of a spheroidal, homo- 
geneous, slightly elastic shell, filled with fluid, 

the transition from the solid to the fluid portions being 
abrupt ; and on this hypothesis he has calculated to what 
extent the shell would be pulled out by the disturbing 
actions of the sun and moon. 

It is not likely that the amount of distortion would be 
large enough to be cax)able of df‘tectioii by direct measure- 
ment, but it might make itself sensible by its effect on the 
tides. If the crust is drawn up in the same direction as the 
water — ^that is, if there are tides in the solid part of the earth 
as well as in the ocean — ^the height of the tid(? can be shown 
to be less than if the earth were x)eriectly rigid ; so that if 
we knew what would be the height of the tide on the latter 
sup}>ositiou at a given sj^ot, and find the obser\^ed height 
to be less than this, we have a measure of tlie extent to 
which the solid jiart of the earth has been y)ulled out by the 
tide-generating influence. Now Sir W. Thomson showed 
that, even if the sjkeroid -wore solid throughout and as 
rigid as glass, it would still give way to an extent, wdiich 

* Phil. Transact., 1839, p. 381 ; British Association, 1857, Trans- 
1840, p. 193; 1842, p. 43; Ho- act. of Sections,]). 70. 
port to British Association on t Phil. Transact., cliii. (1863), 
Elevation and Earthquakes, 1847, 573; Natural Philosophy, sects, 

pp. 45—55; Transact, of Cam- 832 — 834, 847, 848; Nature, v. 
bridge Phil. ISoc., vol. vi. part i. ; 223, 257. 
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woxild make the tides only about two-fifths as great as they 
would be if the earth were perfectly ri^d ; if the rigidity* 
were that of steel, the oorresponding reduction would be to 
about two-thirds. He concludes that a thin crust could not 
I) 08 sess the requisite amount of rigidity, and puts down the 
luiiiimum thickness that would suffice to resist the distorting 
iufiiience at 2,000 or 2,500 miles. But he goes on to say 
that the distribution of land and water alters the effects of 
the diurnal and semi-diurnal tides to an extent which no 
niathomatical analysis can estimate, and that we cannot 
therefore use any deviations wliich tlu'y show from their 
calculated amount as measures of the eartli’s want of ri- 
gidity ; at the same time he thinks it very unlikely that these 
terrestrial disturbing causes can reduce these tides to two- 
lifths or two- thirds of the height they ought to have if the 
earth were perfectly rigid. He thinks, however, that the 
amount of the lunar fortnightly and of the semi-annual tide 
would not be affected to the same extent by the configura- 
tion of land and sea if observations of them were made at 
suitable points, and that they might be emx>loyed for the 
purpose of comparing the calculated and observed results. 
Unluckily, however, no sufficient observations of these tides 
ha^'e yet been made. It would seem then that, even if 
the assuniptions by which 8ir W. Thomson was enabled to 
deduce his results are justifiable, the observations neces- 
sary for aj)plying these results to the actual case of the 
earth are just those which have not been made; and that 
till tide defect is remedied, no conclusions can he arrived at. 

8ir W. Thomson has iilso investigated the effect of want 
of rigidity on the amount of i)reces8ion and nutation. The 
observed amoimt agrees very closely with that obtained 
by calculation on the hypothesis that the earth is j)erfectly 
rigid. Any considerable want of rigidity w'ould very mate- 
rially alter the amount in most cases. But there are three 
an'angcments under which the precession of an earth with 
a yi(4ding crust would be apjwoximately the same as for 
X>erfoct rigidity. The first requires a comjKuisating adjust- 
ment so veiy unlikely to be realised, tliat we may dismiss 
it at once ; the second is incompatible with a thin crust ; 
the third is, that the distortion should be verj^ small in 
comparison "svith wffiat it would be if the earth were fluid 
without. Now we will attempt to show by-and-by that if 
the transition from the solid to the fluid jjart of the earth is 
gradual and not sudden, this last condition maybe satisfied. 
This argument from precession, then, is not conclusive. 
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Objections to ^e preceding Arguments. — Masterly 
as aro the investigations just described from a mathe- 
matical point of view, it is to be feared that they have 
not contributed much towards the settlement of the ques- 
tion they were intended to decide. Some of the conditions 
they start with aro so totally diiferent from those of the 
actual case, that it is very questionable whether they can be 
fairly apjdied to the instance of the earth. 

It cannot be supi>osed tliat Mr. Hopkins’s fundamental 
assumption of a solid (jrust separated by a hard-and-fast 
boundary from a perfectly fluid interior represents even 
a 2 )proximately the internal condition of the earth. The 
transition from one to the other must be extremely gradual, 
the interior portion of the crust will grow more and more 
soft till it passes into a pasty viscous state, and this sticky 
matter will become more and more fluid as we approach the 
centre, and may possibly at considerable deptlis approach 
])erfect fluidity. Professor Hennessy* and M. Delaunay f 
liave both exi)ros8ed their opinion that the results deduced 
by Mr. Hopkins are for this reason not applicable to the 
(‘iise of the earth, and the former has raised further objec- 
tions to bis method. Mr. Hopkins himself did not by any 
mcjans overlook this want of agTOomont between the actual 
find assumed conditions, and endeavoured to show that in 
s|>ite of it his conclusions w^ould hold good. He says that 
ii 0 bfj the centre, C S any radius of the earth, A a point 
on tliat radius aT>ove wldch the earth is solid, B a point 
which all is fluid, and A B the intermediate transi- 
tional portion, then if wo take S A to bo the thickness of 
the emst it will give the precession too large, and if H B^ 
too small ; but tliere will be some intermediate thickness 
which will give the right amount, and this ho calls the 
Effective Thickness of the crust. It is the depth of this 
Effective Thickness which he has shown cannot be less than 
1,000 miles. All, then, which he has proved amoimts to 
this, a shell of at least 1,000 miles thick must participate in 
tlie precessional motion. But tliis is a very different thing 
from saying that the whole 1,00J) miles must be solid: 
possibly only a very small portion might be in this condi- 
tion and the rest in a more or less fuscous state, and yet the 
whole be carried round very nearly as if it were aU solid, 
because the friction between the particles of the pasty part 

^ Phil. Transact., oxH. (1851), f Comptes Rendas (July 13, 
49') ; Geol. Mug., viii. 216; Na- l'‘*68), Ixvii. 65; Geol, Mag., v. 
tuie, iv. 182. 507. 
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prevented them being di-agged one over the other. Different 
parts of tlie viscous mass would be from time to time com- 
pressed and extended, but it seems perfectly conceivable 
that for all practical purx^osos the solid and semi-fluid 
poi’tions of the (Tust might hang together as a whole. 

The conclusions of Sir W. Thomson as to the Eigidity of 
the Earth have also been attacked by Professor Hennessy.^ 
He has pointed out how seriously the hypothetical differ 
from the real conditions of the problem, and specially how 
the neglect of the pasty shell that must exist between the 
solid crust and the more fluid interior impairs the validity 
of the results. This pulpy stuff would act as a pad or 
buffer, and the work done by the disturbing action of the 
sun and moon on the internal portions of the earth, instead 
of being transmitted to the surface and altering its shape, 
would be used ux3 “ jiartly in producing small variations of 
density among the comxu’essible strata of the nucleus, and 
partly in changing the 8hax>e of the yielding matter of the 
inner surface of tlie shell.” Ily this means the deformation 
of the shell might be very small indeed, and the amount of 
precession the same as if the earth were solid throughout 
and perfectly rigid. Pi'actically the observed amount of 
X^recession is rather less than it would be if the earth were 
perfectly rigid ; some small distortion of the crust is pro- 
bably therefore produced, and this we may take as the 
measure of that x^ortion of the interior work which has 
managed to penetrate the buffer and make itself felt in the 
solid crust. A calculation made by Archdeacon Pratt fur- 
nishes an illustration of Professor Hennessy’s objection."*^ 
Starting with Mr. Hopkins’s assumptions about tlie interior 
of the earth, he shows that the internal fluid nucleus will 
be pulled by the attraction of the sun and moon, and will 
exert a pressure against the crust which tends to increase 
the precession ; and that the effect of the want of rigidity 
in the crust will tend to decrease the precession. Ho then 
determines to what extent the surface must be elevated 
in order that these two modifying causes may destroy one 
another, if the crust be 800 miles thick, and this he flnds 
to be 20 feet, A deformation of one-seventh of this amount 
would altogether abolish tides in the open ocean, and honce 
he concludes that the crust must be far thicker than 800 
miles. Now if the iutenial fluid mass, instead of x>ro88mg 
against an unyielding crust, had a soft pad of semi-fluid 
matter to bury its nose in, we can readily imagine its energy 

* Nature, v. 288. t Figure of the Earth, 4th ed., p. 136. 
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might be consumed in pushing this aside, and no pressure 
might be exerted on the crust ; and if the crust, instead of 
being solid throughout, had a yielding lining, the work due 
to the external disturbing force might be expended on the 
lining, and give rise to no change in the shape of the 
surface. In such a case, as far as the causes mentioned 
are concerned, the precession would be unaffected. 

Professor Hennessy’s Views. — Professor Hennessy 
has attempted, in his paper in the Philosophical Transactions 
already quoted, a mathematical solution of the qnestion 
now before us. It is impossible to convey any adequate 
notion of his way of handling the subject without more 
mathematics than are admissible here, but the following 
are liis chief points : — 

He objects at starting that all previous investigations had 
tacitly made an assumption that cannot be justified, namely, 
tliat the volume of the entire mass and the law of density 
of the earth have remained the same, or, in other words, 
that the |)articles of the original fluid mass underwent no 
change of position, during the process of solidification. 

He then considers what would be the order of events 
during solidification. First, he thinks there would be much 
chemical action. When the chemical affinities of the mate- 
rials had been satisfied, the mass would j^robably be in a 
state approaching perfect fluidity, and circulation would go 
on, the portions that had grown denser by cooling descend- 
ing and the lighter portions ascending, till the whole liad 
arranged itself in concentric shoUs whose density increased 
from the surface to the centre. A\lien this state had 
been arrived at he thinks a surface crust would begin 
to be formed. Of course, when any j^iece on the outside 
had become solid, it would on account of its increased 
density tend to sink, but the three following causes would 
liinder its descent : — 

1st. Each stratum into which it descended would be 
dtmser than the one above. 

2nd. Each stratum would have its density increased by 
the passage through it of cooler portions from above. 

3rd. The descending portions would have their densities 
diminished by the increase in the temj>erature downwards. 

Under these circumstances he thinks that, though circu- 
lation would go on, it would be confined to the neighbour- 
hood of the sxirface, and a crust might be formed ; below 
the crust would be a shell of imperfectly fluid matter, and 
the interior might retain a high degree of fluidity. He 
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believes thAt, even if from any cause the solid shell and 
fluid nucleus rotated at any time at different rates, yet that 
the friction between the two must be great enough to bring 
the motion of both to the same velocity of rotation. Finally 
he endeavours to determine the present thickness of the 
<?ru8t thus. He obtains an expression for gravity at the 
surface in terms of the radius and ellipticity of the ffuid 
nucleus ; and finds that if this expression is to agree with 
the knovm law of the variation of gravity over the earth, the 
cjTust cannot be less than 1 8 nor more than 600 miles thick. 
Professor Hennessy is also of opinion that it is impossible 
that consolidation can have begun at the centre, and that, 
even supposing any a(3Cumulation of solid matter there ever 
did take place, it must necessarily be melted again. 

Mr. R. Mallet has anivod at the same conclusion by a 
different line of reasoning;* his views will bo given more 
at length in Section HI. 

We cannot enter here any further into the qucjstion, but 
for additional discussion c»f tlieso moot points the reader 
may consult Profi'ssor Hemiossy, London, Edinburgh, and 
Dublin Phn. Mag., 3rd ser., xxvii. 376 (1845); Jouni. 
Geol. Soc. of Dublin, 1849; Proc. Royal Irish Acad., iv. 
337 ; Archdeacon Pratt, Figure of the Earth, Nature, ii. 
1264, iv. 28, 141, 344; Geol. Mag., vii. 421 ; Nature, iv. 45, 
182, 383; Professor Haiighton, Transact. Dish Acad., 
xxii. pt. 1, p. 251 ; D. FoAes, Geol. Mag., viii. 162; P. 
{Scropo, Geol, Mag., vi. 145 ; ITArckiac, Histoiro des l^ro- 
gres de la Geologic, i. ; Thomson and Tait, Natural Philo- 
sophy, Appendix 1). ; IVfajor-Gen. Barnard, Smitlisonian 
Contributions, vol, xix. No. 240. 

The only conclusion, if we can call it a (conclusion, that it 
is safe to come to in the present state of our knowledge is, 
that it is highly probable that the earth has e<K)led down 
from a state of igneous fusion, but that there is not evi- 
dence to de(dde whether any of it, and, if any, how much of 
it, still retains its original licpiidity. 

Chemistry of the Xlarly History of the Harth. — 
Borne speculators have attempted to push their way back to 
periods of the earth’s history even more remote than those 
we have been noticing. Beginning with the time when, 
owing to the intense heat, the chemical elements of the 
inateidals of the earth existed in an uncombined state, they 
liave tried to trace out the steps of the process by which 
their combination v'as brought about, and the first rude 
♦ Phil. Transact., cbdii. (1873), 160. 
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outline of a solid globe was shaped out. The conclusions 
come to by different authors on this subject have hitherto 
been so utterly at variance with one another, that it almost 
looks as if the time had not yet arrived when we can profit- 
ably indulge in speculations of this nature.* Some specu- 
lations of Mr. Lockyer^s, of a more promising character, 
will be noticed further on. 

SECTION n.— CAUSE OF UPHEAVAL AND CONTORTION. 

We have seen reason to believe that the uplifting of 
rocks laid down beneath water, by which sea-bottoms have 
been converted into dry land, and the tilting, folding, con- 
tortion, and faulting, which observation shows those rocks 
to have undergone, are all due to some common cause. We 
have now to inquire how the force was generated which 
produced these movements. Heasous have already been 
given for beheving that the disturbing force was, in very 
2nany cases at least, of the nature of a horizontal thrunt. 
The phenomena of widespread and excessive contortion 
can be explained only on this supposition, and the lesser 
disturbances are so intimately connected with these grand 
movements, that it seems likely that botli must be due to 
the same cause. 

Certain, howe%^er, of the observed displacements, taken 
by themselves, are capable of explanation on the supposi- 
tion that they were caused by a force acting frovn within the 
earth vertically ui}ward%; and, though it is extremely doubt- 
ful, for reasons already given, whether this method has 
been over employed in nature, it is only fair that the reader 
should be put in possession of the theories which have been 
started to show how this vertical up- thrust may be caused. 

Sense in which Elevation is used. — It is somew hat 
unlucky that the words upheaval*’ and elevation” 
should have become so thoroughly rooted in geologicfd 
nomenclature in reference to the movement of the earth’s 
surface, that it is now scarcely possible to drop them. The 
first is decidedly objectionable, for it distinctly implies that 
the producing cause M^as a force acting vertically upwards, 
which it certainly was not in some eases, and perhaps was 
in none. If ever we employ these terms, it must be under- 
stood that we use them simply to indicate the carrying uj) 

* De la Beche, Researches in Soc., xv. 488; Geol, Mag., iv. 
Theoretical Geology, chap, i; 8^7, 426, 477, 625, v. 49, 106 i 
Sterry Hunt, Uuart, Journ. Geol. David Forbes, ibid., v, 92, 106. 
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of rocks from a lower to a higher level, and not in the least 
to suggest the direction in wHch the force acted by which 
the movement was effected. 

General Btruotnre of Mountain Chains. — Before 
we go any further, it will be desirable that the reader’s 
ideas should be clear on two points: first, what the 
arrangement of the rocks in a mountain chain* is not like ; 
and secondly, what it is like. In many books he will find 
the general section of a mountain chain to be such as is 
shown in Fig. 137. 

We see in the section a central nucleus of Granite, and 
from this the rocks dip away on cither side in the same 
direction as the slope of the ground. The sketch gives the 
idea that the Granite lias been driven up from below, and 
has thrust aside the rocks on either fiank. There is no 
mountain chain known which has a section at all approach- 
ing this. The section in Fig. 138, though it fails to convey 
any adequate notion of the amount of cinimiding, inver- 



1. Qranitie Books. S. Foliated Schists. 8. Unaltered Bocks. 

Fig. 137. — What a Section across a Mountain Chain is not like. 

sion, and smashing that is very frequently met with, gives 
a much fairer general idea of the disposition of the rocks. 

The strata have not been simply bent up into a mngU 
boss, but have been folded, crumpled, and dragged over 
along a number of lines ranging roughly parallel to one 
another; and in many cases so far from the dip being 
outwards on either side of the range, it is directly in the 
opposite direction, the rocks plunge at high angles on both 
fianks into the hill, and a section of them shows something 
like the plaits of an open fan, the handle of which lies deep 
down in the centre of the mountain. Granite appears in 
several belts, but these show no signs of having been 
thrust up through the surrounding rocks. On the contrary, 
the rock shades off insensibly into foliated schists, and these 
melt away in unaltered roc^. 

Mr. ^pkiiis’s Theory. — ^We have already mentioned 
Mr. Hopkins as one of the ablest supporters of the vertical- 

* Using the term in the restricted sense applied to it in the pre- 
ceding chapter. 
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nptliruBt explanation. 
Tlie machinery he em- 
ployed for producing 
the elevatory force 
was a body of fluid 
matter like lava, in a 
cavity below the sur- 
face, which under the 
influence of increasing 
heat, gave off elastic 
gas, and the pressure 
of this gas was sup- 
posed to bend up the 
overlying rock till it 
was strained to the 
breaking point. There 
is very little evidence 
for the existence of 
the internal lakes of 
fused, gas -yielding 
matter required by 
this theory, but, waiv- 
ing this objection, we 
have already pointed 
out what seems to be 
its weak points in 
Chapter IX. p. 380. 
Mr. Hopkins’s know- 
ledge of the facts be 
attempted to explain 
seems to have been 
very imperfect. Ho 
6i)eak8, for instance, 
of anticlinal and syn- 
clinal Hnes occurring 
with alternations of 
rapid and opposite 
dips at intervaU not 
exceeding a few miles. 
If he had said every 
hundred yards or so, 
it would have con- 
veyed a far more cor- 
rect notion of the 
real facts in many 




Fig. 138. — General Character op the Section across a Mountain Chain. 
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cases. Hie conviction, too, that all narrow, steop-sided 
valleys were rents in the crust, led him sadly astray. His 
beautiful mathematical investip^ations have, on account of 
his limited geological knowledge, not led at i)resent to any 
useful results; but they may yet Ix^ar good fruit, and 
geologists will probably some day thank him for the atten- 
tion he has given to the subjet^t. 

Theory of Scrope and Babbage. — Next comes a very 
ingenious speculation, originally suggested by Scrope,’*^ and 
afterwards struck out independently by BabbagtB.f By 
the deposition of sediment on sea-bottoms an area, whi(ii 
before the deposition began formed part of the earth’s 
surface and had the temperatuvo of the suii'ace, is gradu- 
ally buried under a cover, constantly increasing in thick- 
ness, which checiks the escape of tlie heat from within. 
The temperature of the rocks of this area -sa Ul therefore be 
raised, and the rocks themselves must expand. The 
resistance to exi)an.sion will be less in a voitieal lhan in 
a horizontal direction, and hence the area will bulgxi iij) 
and cause elevation of the rocks resting upon it. It is 
evident that this explanation accounts only for vertical ele- 
vation, and makes no provision for contoition or any form 
of compression ; in fact the elevations i^roduced by it would 
be bosses, the strata of which would he arranged in con- 
centric domes, like that in Fig. 137, which, as we have 
pointcMi out, is a structure found in no mountain chain yet 
examined. Even then supposing some small local elevations 
may be due to this cause, it is quite inadequate to produce 
the larger disturbances wliick the crinst exhibits. 

There is another weak point about the theory. During 
the accumulation of many thick bodies of sedimentary' 
rocks, the seu-bottom was gradually sinking. It mak(\s 
no provision for tliis. It may ex])lain vertical Xiplifting, 
but does not allow of subsidence during deposition. 

Theory of Sir J. Herscbel. — 8ir J. Hcrsclnd threw 
out the hint that the mere weight of a thick mass of s(‘di- 
ment might cause the part of the crust on which it rested 
to bend down, and the portions on eithtT side to swell up. 
This would require the crust to he remarkably thin and 


* Volcanoes, p. 271, note, 
t Proceedings Geol. 8oc , ii. 
74 ; Ninth Bridgewater Treatise, 
Note G, p. 209. See also Captain 
Hutton, Geol. Mag., x. 166, xi, 
22 ; Nature, ix. 61 ; JElev. O. 


Fisher, Geol. Mag., x. 248, xi. 
60, 64. 

X Proceedings Geol. 8oo., ii. 
648, 696; Ninth Bridgewater 
Treatise, Note I, p. 225. 
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yielding, and tiH this is shown to he the case the explana- 
tion cannot be admitted. 

Intrusion of Granite. — ^Another explanation of the 
cause of the elevation of mountain chains, at one time very 
much in vogue among geologists, and adopted by Mr, 
Scrope, is as follows.* 

In a very large number of cases a mountain range has a 
central axis of Granite or some Plutonic rock. This 
central mass was supposed to have boon forcibly intruded 
in a semi-fluid state from below, and to have shouldered 
olf on either side the rooks througli wliioh it forced its way. 
Th(3 intrusive matter was supposed to havci been driven up 
by local increase of heat, which caused it to expand till the 
ro(iks above were no longer able to hold it down. Follow- 
ing the views put forward by himself and Mr. Babbage, 
Mr. Scrope accounts for tlie accumiilatif)n of heat by the 
deposition of a thick mass of strata above the spot where 
it occurred. It is clear tliat this process would give rise to 
tilting, and re^sult in the formation of a ridge from whicli 
the beds would dip away on either side, as in Fig. 137. 
but it would not directly produce contoidion. kir. SScroj)e 
endeavours to show that lateral pressure would result 
indirectly in two ways: first, the molten matter injected 
into fissures would, if urged up with suflicient force, press 
laterally against the walks ; and secondly, he thinks it pos- 
sible that i)ortions of the ro(‘ks, whicdi were shoved aside 
by the intruded mass, might slide down its inclined flanks, 
and get crumpled up in the motion. In the tii'st case the 
cause seems scarcely suflicient to do the work assigned to it. 
The sort of motion required in the second case seems hardly 
likely to occur. 

This theory, too, fails to account for the violent contortions 
which not nnfrequently are mot with far away from any 
mass of Plutonic rock. Further, there is good reason to 
believe that the Granitic axes of mountain chains are not 
intrusive rocks at aU, but simjAy portions of tlie very rocks 
that compose the flanks of the range convei*ted by intense 
metamorj)hism into Granite. 

These and other explanations, which we have not room 
specially to notice here, all fail to provide us with the hori- 
zontal thrust, which alone seems competent to produce con- 
tortion. We now pass to the only hypSthesis wliich is 
satisfactory on this point, and is capable of giving rise at 

• Volcanoes, chap. xii. See also Darwin, Transact. Geol. Soc., 2nd 
«er., V. 601, 
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the same time to vertical upheaval and horizontal compres- 
sion. 

Contraction Theory. — ^The contents of the last section 
seem to show that at present we have not knowledge enough 
to enable us to form a positive opinion on the questions, 
whether any part- of the earth is fluid, and, if so, what is 
the thickness of the solid crust. 

One point, however, has been established — ^the interior 
of the earth is hotter than the outside ; and since it is very 
higlily probable that the whole earth was once much more 
intensely heated than now, and that the present internal 
heat is only what is left of the original temperature, we 
arrive at a further fact, which has an important bearing on 
the questions to be discussed in tliis section, namely, that 
the earth always has been and still is a cooling globe, and, 
if a cooling globe, it must also be a contracting globe, if the 
materials of its interior are at all analogous to those which 
form its surface. 

further, it is almost universally true that the amount of 
shrinking produced by the loss of a given degree of heat 
(the coefiicient of contraction), is larger when the body is 
at a high than when at a low temperature. Thus if a rod 
shortened by 1-1 00th of an inch when it passed from 212° 
to 211®, it would not shorten so much, say only l-300th, 
when its temperature was reduced from 90® to 89®. From 
this it follows that since the interior of the earth — it matters 
not whether it is solid or fluid — ^is hotter than the outside, 
it must shrink faster than the outside. Practically the 
outside crust has so very little heat to lose, that it may be 
said not to shrink at all, while the hotter nucleus is gradu- 
ally drawing away from it. If the crust were in this way 
left without sux>port, it must crush in by its own weight, and 
the crushing force on any portion in a cross section of it 
can be shown to be equal to the weight of a column of rock 
wliich has that i)ortiott for its base and half the earth’s 
radius for its height.* Pressure like this is far more than 
sufficient to smash in the most unyielding materials known, 
and the crust could not sustain it for a single moment. 
It must therefore follow the nucleus down. The only 
]x>ssible way in which it can do this is by its being 
numplod into folds. It is as if we were to make a paper 
(iase that would just hold an orange of a certain size, and 
then try to make it fit closely over a smaller orange, we could 

* Rev. 0. Fisher, Transact. pt. 8 ; R. Mallet, Phil. Transact., 
Cauibridge Phil. Soc., vol, xi. cixiii. (1873^ 173. 
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evidently succeed only by wrinkling the paper. An old dried 
apple also furnishes an excellent iUustration of the prcxjess. 
As drying goes on the fruit shrinks, but the skin does not : 
the latter accordingly, having to accommodate itself to the 
dimmished nucleus, becomes puckered into wrinkles. Ac- 
cording to this theory, then, the normal state of the earth’s 
crust ought to be a crumpled one, and so it is. Where the 
force acted with concentrated energy along certain lines, or 
along lines of weakness, portions were ridged up into long 
naiTow prominent iJrotuberances, out of which mountain 
chains were afterwards carved by denudation. Here, too, 
owing to the intensity of the action, the rocks would be 
violently contoited. Wo have seen that excessive contor- 
tion is invariablj^ found in lofty mountain clmins. Possibly 
where the folding was more gentle, broad arches and troughs 
were produced, w^hicli gave rise to continents and oceanic 
depressions. We have already shown that the disturbances 
which the rocks of the earth’s crust have undergone 
have been many if not all of them produced by forces 
acting in a horizontal direction, but we were not then able 
to explain hoW' the thrust was generated. We can now see 
that wo have, in the unequal shrinking of the cool crust 
and hot nucleus of the earth, a cause quite adequate to give 
rise to these horizontal compressions. 

Ihe notion that the earth’s contraction has been the 
cause of the displacement of the rocks and the elevations 
of the surface seems to have occurred first to Descartes 
(Ed. fraii^aise, 1668, p, 322). It was advocated by Con- 
stant Prevost* and Elie de Beaumont,! but the latter 
unluckily tacked on to it an untenable hypothesis, which 
served rather to bring it into disrepute. It was the 
favourite theory of De la Beche,J and is adopted by a large 
number of the geologists of the day.§ 

Bemarks on the Contraction Theory. — ^As far as 
mountain-building goes, no objection of any weight has 
been urged against the contraction theory. But when we 
ax)ply the same explanation to the formation of continental 
areas and oceanic de]3ressions, several difficulties present 


♦ Bull. Soc. Geol. de France, 
xi. 183 (1840) ; Oomptes Rendus, 
xxxi. (September, 1860), 461. 

t Notice sur les Syat^mes de 
Montagues (Paris, 1852) ; Hop- 
kins, Anniversary Address, Quart. 
Journ. Geol. Soc., vol. ix. 

i Geological Observer, p. 730 ; 


Researches in Theoretical Gteo- 
logy, p. 121. 

§ Mather, Silliman’s Journal, 
Ist ser., xlix. 284 ; Dana, ibid., 
2nd ser., ii. 352, iii. 94, 176, 380, 
iv. 88 ; 3rd ser., v, 423, vi. 6, 104, 
161. 
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themselves. Mr. E, Mallet, while he strongly advocates 
the view that moimtain (chains were formed by the thrust 
due to contraction after th^ crust had reached a certain thiclc^ 
ness and rigidity, thinks that this force is far too local in its 
range to be able to be transmitted across such vast areas 
as continents and oceans. The outlines of these, he be- 
lieves, were marked out by broader foldings, which gave 
relief to the crust at an earlier period of the earWs history, 
when the crust was very thin. Professor Dana has also 
attempted to explain on this supposition several facts in 
the distribution of the great surface inequalities of the 
eai-th, such as the proximity of mountain ranges to coast 
lines, and tlie relation of the height of the range to the 
depth of the ocean facing it. Some of his generiilisations 
are perhaps open to question, but he has suggested points 
well worth careful consideration.* 

Professor Le Conte has raised the further objection that 
an ai*ch broad enough to form a continent 3,000 to 6,000 
miles across, or a trough tliat would hold an ocean like the 
Pacific, 10,000 miles broad, could not, even if the crust 
were several hundred miles thick, sustain itself ; the arch 
must break down and the depression break up.f This 
objection hardly applies, because the crust does not sus- 
tain itself ; indeed no segment of it could possibly stand 
unless it were supported underneath. He prefers to 
account for the formation of continental and oceanic reliefs 
by the hypothesis that the conducting power has been 
greater along some radii than along others. Some portions 
of the earth would tlien cool and contract faster than 
others ; the first would sink down into oceanic depressions, 
while the second would be left standing up as continental 
tracts. Archdeacon Pratt J ado])t8 a similar view, on the 
ground that the mass of the earth is found in some eases 
to be denser beneath the ocean than beneatli the land, and 
to be least dense beneath great mountain chains. If the 
facts adduced by Archdeacon Pratt turn out to be generally 
true, they are certainly in favour of this view. 

We may notice that Mr. B. Mallet has shown that a defi- 

♦ See his papers quoted on p. Cambridge Phil. Soc., xii., 
507, and his Manual of Geology, part 2, 

pp. 9 — 38, and 731 — 737. Also -f Prof. James Le Conte, Silli- 
Rev. O. Fisher, the Ine- inan*sJoiirn.,3rd8er., iv. 346,460. 
qualities of the Earth’s 8ur- J Phil. Transact., clxi. (1872), 
face viewed in Connection with 335; Figure of the Earth, 4th 
the Secular Cooling.” Trans. ckL, p. 201, 
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cjiency of matter beneath great mountain ranges is just 
what the contraction thoory necessarily leads to ; while, if 
elevation were due to the swelling up of molten matter from 
below, the reverse ought to be the case (see his paper 
already quoted, p. 156). 

If we adopt the supj^ition either of Mr. Mallet or Arch- 
deacon Pratt, we must also admit that all the great lead- 
ing features of the earth^s surface were estabUshed at a 
very early stage in its consolidati^m, and have not mate- 
rially altered since. There are some facts in the |)a8t 
history of the oai*th v hich are hard to rtjeoncile with this 
view, but, as we have seen, it has a considerable weight of 
authority on its side. 

Professor Shaler uses the contraction of the earth to 
explain the formation of continents and mountains in a 
somewliat different way from any yet noticed. He tliinks 
the methods of formation of the two must be different. 
Continents he believes to be produced by broad foldings 
affecting the whole thiclinese of the ermi. He accounts for the 
shar][)er wrinkles of mountain chains in the following way. 
The exi erior part of the crust is and has been for a long 
time at the same temperature as the atmosphere, it there- 
fore loses no heat and does not contract at aU. But a 
deeper layer contracts sensibly, and to compensate for 
this the supeificial poifioris of the crust must wrinkle up. 
According to him it is this crumpling of the (yuter shell of the- 
crust which is the cause of mountfiin elevation.* 

In conclusion, while we admit that the contraction hypo- 
thesis leaves some points to be stih cleared up, wo are yet 
justified in looking upon it as the most c >nsistont and satis- 
factory explanation yet put forward of ’*h? cause of the dis- 
turbances of the earth’s crust. At the same time it would 
be rash to say that it is the only cuuse ; some of the other 
moving forces suggested may have been the means em- 
ployed in certain cases.f 

SECTION III.— ORIGIN OF THE HEAT REQUIRED FOR 
VOLCANIC ENERGY AND METAMORl^HISM. 

The next posing question for us to take uj) is, What 
gives rise to the heat which is required for the produc- 

♦ Gool. Mag., v. 611. see Medlicott, Quart. Joum. 

f For an ingenious explanation (i^eol. 8oc., xxiv. 34 ; and Me- 

of the cause ot some of the inver- moirs of the Geol, Survey of lu- 

sions that are found along the dia, vol. iii. pt. 2. 
dunks uf some mountain chains, 
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tion of volcanic eruptions, metamoi^^hism, and allied plie* 
nomena ? 

Metamorpliism and Xiava, both Eifeots of the same 
Cause. — ^We have seen reason to believe, that the process 
which has imparted to the rocks usually classed as Meta- 
morphic their crystalline texture and other peculiarities, 
will, if carried far enough, result in the production of fused 
rock underground, and that, if this molten stuff be driven 
up to the surface, it will flow out as Lava. The source of 
volcanic activity and of metamorphism we may assume, 
then, to have been the same, and we have to do two things : 
first, to find heat enough to bring about, in combination 
with other agents, metamorphism and fusion ; and then to 
provide machinery competent to lift the fused matter to the 
surface. 

Explanation on Sypothesis of a Thin Crust. — ^Wo 

have already seen how easily the doctrine of a thin crust 
solved the problem. The melted matter was ready to hand, 
and the fracturing and sinking down of the crust pumped 
it up. 

But this explanation falls to the ground unless the crust 
is tliin, and as lhat is a very doubtful point it cannot be 
accepted as satisfactory. There are besides several well- 
known facts that tell somewhat against it. The lavas of 
different vents differ considerably fi’om one another, and 
oftfm seem to be somewhat related in comj)osition to the 
rocks through which the oru 2 )tion has burst its way ; if all 
lava cam<3 from one general reserv^oir, one would expect it 
to be more uniform in character. Again, there appears 
to be often no connection whatever between two vents very 
close to one another ; the lava standing at different levels 
in the two, and in one being in gentle and in the other in 
violent ebullition. Such a fact, though not altogether 
inc(>mi)atible with the vents opening into the same great 
internal tank, does not lend 8 U 2 > 2 )ort to such a view. A 
more satisfactory answer to the second part of the problem 
supposed that water found its way by percolation dowm t(> 
the molten interior, and, being suddenly converted into 
steam, burst through the overlying rooks, flashed out in 
explosions, and forced ujr the lava. 

Mr. Hopkins’s Theory. — ^Independently then of the 
fact that it is very doubtful whether the crust is as thin 
as the explanation just described requires, it is unsatis- 
factory on other grounds. The advocates of a very thick 
crust propounded several others in its place. Mr. Hopkins 
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supposed the solid part of the earth to contain hollows filled 
with matter stiU in a state of fusion, and he supposed these 
hollows to have arisen in the following way. When an 
incrustation had begun to form at the surface, the expan- 
sive force of the contained gases would every here and there 
tend to fracture the thin crust ; and when areas of weakness 
had been once established, the gases would prefer to work 
their way out by apertures already in existence, even if 
they had to travel considerable distances to reach them, 
rather than to break open fresh points of discharge. Thus 
the crust would be parcelled out into disturbed and undis- 
turbed districts, and solidification would extend downwards 
faster in the latter than the former. The under side of the 
crust would thus come to have inverted hollows over its 
surface, and the edges of these might extend down to the 
central solid nucleus if there was one, or unite beneath if 
the interior was wholly fiuid, and so portions still liquid 
would be enclosed in the generally solid crust. Sir W. 
Thomson believes that the outer portion of the earth has a 
similar honeycombed structure. 

Assuming that the method of solidification supported by 
Mr. Hopkins is probable, his hypothesis still fsols to ex- 
plain some of the leading facts of volcanic action. Accord- 
ing to it there seems no reason why the internal fiery lakes, 
and the volcanoes that they feed, should be arranged accord- 
ing to any law ; one would expect to find them dotted about 
haphazard. But one of the most striking facts about 
volcanoes is the way in which they are arranged in lines, 
either coincident wdth or parallel to lines of great elevation. 
The great volcanic belt that runs along the mountain chain 
formed by the Kocky Mountains and the Andes is one 
instance. The omission to account for tliis fact is a very 
weak point in the explanation. Again, the theory does 
not furnish a very satisfactory explanation of the alternate 
periods of repose and activity exhibited by volcanoes. 
One could understand a cavity being pumped out and there 
being an end of all eruption from it ; but why it should 
discharge a part of its contents, then rest awliilo, and then 
begin discharging afresh, it is not easy to see ; and if it 
was once emptied, what is to fill it again ? Such objections 
may not be fatal, but they naturaUy arise, and till they 
are met, the hypothesis cannot be said to bo satisfactory* 
£j:planation8 of Mr. Borope and Bov. O. Fisher. — 
Other authors will have it that below a certain depth the 
whole or portions of the crust are just verging on fusion, 



512 


GEOLOGY. 


and that any change in temperature, or pressure, or both, 
may tum the scale and convert solid into molted matter. 
Mr. Scrope has supposed that sometimes the requisite 
increase of heat is caused by the accumulation of thick 
masses of sediment in a way already described ; and that 
sometimes liquefaction may have been brought about by 
relaxation of pressure where the overlying rocks have been 
fissured or uplifted.* Mr. Mallet has shown that the 
mnount of heat generated on the first supposition is not 
sufficient to produce the amount of volcanic action that 
is actually going on (note to his paper quoted below). 
The Itev. 0. Fisher adopts the latter view ; he maintams 
that, whenever the contraction of the crust raises a zone of 
rock into a mountain chain, the rocks underneath have no 
longer the weight of that zone pressing on them, and, if it 
was only pressure that kept them solid, they would pass 
itito the liquid state.! h}q>othosi8 accounts for the 

association of volcanoes with lines of elevation. 

However satisfactory »n otluT rospen^ts these and similar 
explanations may be, they cannot rise above the rank of 
speculations until the fundameuial assum 2 >tion with which 
they start is securely (established. 

While speaking of Mr. Scrope’s speculations, we must 
not forget to mention that hc^ did inestimable sendee by 
showing that, wliatever be the origin of lava, the force 
that raises it to the surface is undoubtedly the expansive 
power of steam. J Tliere is no difficulty in obtaining water ; 
^'ery nearly every one of the known active volcanoes is 
situated near the sea, and percolation would furnish a 
jdentiful supi>ly. 

Bterry Hunt’s Theory. — Dr. Stony Hunt has put for- 

v ard the following view of the present state of the earth’s 
interior, and tlie origin of metamoiq)hic and volcanic action. 
He believes that the earth consists of an exterior slic^U of 
sedimentary deposits, a solid anliydrous nucleus stiH highly 
heated, and between the two a zone of matter derived 
partly from the nucleus and partly from the outside shell, 
permeated by water holding siliceous and aluminous mat- 
ter, carbonates, sulphates, chlorides, and carbonaceous sub- 
stances, and raised to a temperature not necjessarily ver}^ 
high by the heat from within. Under these circumstances 

* Volcanoes, pp. 265 — 275; I Volcanoes, pp. 37, UC; 

Geul, Mag., v. 537. Geol. Mag., vi. 196. 

t Transacit. Cambridge Phil. 

Soc., xi. ; Geol. Mag., v, 493. 
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he maintains, on the strength of many experimental results, 
that the matter of this zone would be in a state of hydro- 
thermal fusion, and that it would be converted, according 
to circmustanoes, into the various forms of Metomorphic, 
Plutonic, and Volcanic rocks. He adopts the 8crope-Bab- 
bage tlicor;^’^ that thick deposits of sediment check the escape 
of interna] hoat ; and, wherever tliis occurs, the reactions 
in the inltriiiodiate zone are increased in activity, and vol- 
canic eru]jtions, upheaval, and other allied phenomena, 
result. For details of tins elaborate theoiy, the reader 
must consult the papers quoted below. ^ 

Mr. K. Mallet’s Theory. — There is one very signifi- 
fa(^t, which all the explanations liitherto glanced at 
}iav<‘ failed to notice. Metairiorphism is always accom- 
panied by contortion, and in many cases, perhaps always, 
it inireases in intensity as the crumjjling grows more 
violent and coin])licatod.f 

We have also seen how p('rsist<mtly volcanoes range 
thenis«lves ahjng mountain chains, that is, along belts of 
«‘.\'<‘essive contortion. 

Tt se(>ins, then, that not only are Metamorphic, Plutonic, 
and 'Yolctanic action dosely aUienh but that contortion 
belongs to the same family. We have got at a fairl}' satis- 
fa(^tory explanation of the cause of contortion; will the 
inaclniifU'y wliich produced it also furnisli us with the heat 
whos»; origin wc are in seai’ch of? Mr. 11. Mallet has 
ati('3uptf*d to sliow that it will, in a vciy remarkable 
memoir,:]: of which we must attempt to give an abstract. 

Jlis idt^as about the order of events during the passage* 
of tlie (*arth from a gaseous into its present condition are 
as follows : — 

1st 8tag(\ — The chemical elements of which the earth 
is made up, existed luicombinod in a state of gas, and the 
first step was the union of these into combinations similar 
to those we lind in fhe globe at present. 

2nd Stage. — When a state of chemical equilibrium had 

♦ Canadian Joum., 1858, p. t For one admirable instance, 
203 ; Journ. Gool. Soc., see Geikie, Transact. Edinburgh 

XV. 48S; Comptes Eondus, June Geol. Soc., ii. 293, 294. 

9, 1862; Dublin Quart, Joum., % Phil. Transact., clxiii. (1873), 
July, 1863; Silliman’s Joum., 147; Proceediiigs Eoyal Society, 
2nd ser., xxxvii. 256 ; xxxviii. xxii. 328. See also The Erup- 
182; 3rd ser., V. 264 ; Geology of tion of Vesuvius in 1872, by 
Canada, 1863, pp. 643, 669 ; Ke- Prof. Luigi Palmieri, translated 
port. Geology of Canada, 1866, by Eobert Mallet; and Scrope, 
p. 230 ; Geoh Mag., vi. 246. Geol. Mag., xi. 28. 
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been established, the earth would be wholly fluid ; the sur* 
face cooling would bo more rapid at the i)ole8 than over 
the tropics, and in this way cuiTonts would be set uj>, but 
they would be superficial, and would not be sulflcieTit to 
establish anything like an equality of temperature through 
tlie mass, so tliat the interior would be mucli hotter than 
t]io outside. Cooling would go on by radiation from the 
surface very rapidly on account of the high temperature, 
and a solid crust would begin to be formed round tlie pfdes, 
and spread both ways to the equator. The crust w^ould 
pass gi'adually do^ui wards into a shell of viscous matter, 
and this would graduate into the more fluid inteiior mass. 

sees no reason to doubt the power of the trust to hold 
together, in spite of its small thickness, on the following 
grounds. Tlis experiments on the cooling of slags show 
that a crust is fonned round the fused mass when the tem- 
perature is very little below that of fusion, and the density 
of tile crust differs very slightly from that of fused slag. 
Hence it is likely that in tlie case of the earth the density 
and tem])eraiure of the lirst-fornied (rust differed so little 
from that of the still fluid matter below, that there would 
be no very strong t('iidency for the soli ion to sink, 
certainly not enough to overcome the resistanci? to sinking 
(^ansed by the viscosity of the matter immediately ben (.‘alii it. 
As Sir W, Thomson has pointed out, the boiling up of gases 
would probably cause the crust to be full of cavities, aud 
this might give it buoyancy enough to keep it ujk 

Jird Stage. — After a time, but while the crust was still 
thin, the fluid niubuis would begin to (contract faster than 
the crust, and the latter would have to ac^cominodate 
itself by crum])ling. He jmts it forward as a <.*onjocture, 
though he thinks a very ]irobabl<^ conjeff ure, that the 
deformation of the crust at this epoch av as elft.‘(‘t(^d by broad 
folds, and that by this means the great leading geogi’fiphieal 
outlines which the earth possesses at thc^ xu’esent day were 
then impressed upon it ; that the main continental areas 
and oceanic de])ressions w’ere then marked out ami have 
remained substantitiUy the same ever sin(*(‘. Wluu'e (con- 
trary flexures occun’ed at the junction of continents and 
sea-basins, lines of fracture vere fonned, and lines of 
weakness established which have continuo(l to be lines of 
weakness ever since. The surface he believes at that time 
to have been still too hot to allow of permanent accumula- 
tions of water on it, but CKjmparativoly cool water may have 
fallen, to be driven ofl as vax>our, and precipitated afresh 
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elsewhere, and so there may have been a constant succes- 
sion of torrential rains and deluges ; at the same time the 
rapid transfer of heat from the interior may have suddenly 
heated the cooled portions of the surface, caused them to 
lly and crack, and so produced great ruin and shattering of 
the crust. By such powerful denuding agencies he thinks 
the so-called azoic’’ rocks may have oeen formed. 

4th Stage. — The crust so far increased in thickness that 
there was a very material dilferencG hetweeii the rate of its 
cooling and that of tlie fluid nucleus, and it became in con- 
sequonc.e subjected to enormous tangential pressures, as 
the shrinking av ay of the nucleus tended to deprive it f)f 
support. It was now thick and stiff enough to transmit 
these compressions within itself, and the oonseipienee \vas 
that it became ridged and doubled up into great projecting 
wrinkles, wliich were afterwards to be licked into shape 
by denudation, ^^ld become mountain chains. The crust 
would give way most readily along the lines of weakness 
already established, and this is the reason why great 
mountain ranges are found along sea-coasts. 

5th Stage. — The crust had heconie so far thickened and 
rendered so rigid, as not to allow of the wrinkling that 
<']uira(‘tcTised the last stage. The shrinking of the hot 
nucleus still gav(' rise to tangential compressions, and the 
(Tust w-as obliged to yield to these in some other way; and 
relief was now atforded hy crushing to powder the rocks of 
w inch it is composed. It is the special object of the i>a})er 
to sliow that heat is generated hy the crusliing, and that 
w^e have here a source amply sufficituit to supply all the 
heat necessary for the production of the known piionomeiia 
of vol(*aiiic action. 

Tile effect of this crushing will ho to produce belts, more 
ov h^ss tending to be vc^rtical in position, of smashed and 
(UMislied rock. Down these w'ater finds its way, and is 
absorbed by the pulverised mass, and then, if tlie tempera- 
f-iirt> generated 1>e high enough, a mixture of fused or par- 
tially fused rock and high-pressure steam is generated, 
w'luch is. forced u]) hy the expansion of tln^ steam, and 
raised to the siu^faco as lava. The expeririuMitsof Daubree 
liavo shown that winter w ill make its w'U}’ througli caiullavy 
pores of rock in tlie face of a liigh opposing pressure of 
vapour, and liave <Iisposed of the objection that, if tlie 
jiressure w^us sufUcient to raise the lava, it would also jire- 
veiit the ‘,'<s of w'ater. 

For the elaborate ('X]>eriuu>nts, calculations^ and esti- 
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mates by which Mr. Mallet has endeavoured to show that 
the heat produced by crushing would be sufficient to pro- 
duce the eifects assigned to it, the reader must consult 
the original papers. 

There are many facts about volcanoes that are satisfac- 
torily explained by this theory. The rocks would yield 
most readily, the crushing would go on to the greatest 
extent, and the largest amount of heat would bo generated 
along the old established lines of weakness, and hence we 
get a reason why volcanic vents foUow lines of mountain 
elevation. Crushing v’ould not go on unifomdy, but at 
intervals ; it would only take place when the accumulation 
of ]>re88ure had reached a i)oint whore the ro(k was aide to 
resist no longer. Hence v(dcanic eruptions will he sepa- 
rated by intervals of rest. The production of an eruption 
also requires a certain balance between the supply of water 
and heat. If the fonner be in excess, the volcano may be 
either permanently or for a time dn>wned out, or its activity 
very much reduced. 

The theory has the following additional recommenda- 
tions. It has the merit of simplicity; it calls in no h}q)(>- 
tlietioal agencies, the existence of which rests only on 
supposition, for it merely requires that the interior of the 
earth should he hotter than the outside, which it almost 
certainly is, and the co-operation of gravitation. It puts 
volcanic action in the light of a beautiful compensating 
arrangement. If the crust wore perfectly unyielding, it 
must relieve itself from the strain set up when tlie m.u;l(*us 
recedes, hy violent disruption. As it is, whenever there is 
more matter in the interior than there is well room for, tho 
overplus is converted into hiva, and periodically transferred 
to the surface, and the cavities thus ]>roduced dose in slowly 
as the crust adjusts itself to the shrinking nudous. Lastly, 
it accounts in an extremely sim]de way for the close con- 
nection between IVletamorpliic, Plutoni(J, Yolcanic, and 
Elevatory action ; for it regards all fonr, not as isolated 
phenomena, but as different results of one common cause. 

On broad general gi’oimds then it seems as if much 
might be said in favour of Mr. Mallet’s views ; and it is 
really very doubtful wliether, in the present state of our 
knowledge, it is any use trying to do more than reason in 
a broad general way about this dass of questions. The 
Rev. 0. Eislier has, however, attempted a minute and 
detailed criticism of the theory, and has on several grounds 
objected with considerable force to its conclusions. Mr. 



ME. R. MAXLET’s theory. 


517 


Mallet has replied, and the arguments joro and con will be 
found in the paxiers quoted below,"*^ In a subsequent 
paper Mr. Fisher has returned to the attack, f and has 
tried to strengthen his objections by some elaborate 
mathematical investigations. It is open to question 
whether either his figures or those of the original Memoir 
of Mr. Mallet are really of much value. In a problem of 
this kind, whore the conditions are so complicated and the 
circumstances to be taken into (iccoiint are so numerous, 
there is always considerable risk, when we attemjit to 
reduce it to numerictil calculation, that some point of vital 
importance has been overlot)ked. In the present instance 
it looks as if this risk is so larg(?, that we cannot feel safe 
in employing numerical results in proof or disproof of tlie 
corrfX'tness of tln^ hy[)(>thesis. 

It is unfortunate that in this and many other geological 
questions the data are too scanty to allow of our availing 
ourselves of the aid of mathematical analysis ; but. if this 
bo BO, it is better frankly to acknowledge the fact, and not 
to attempt to support or overthrow a theory by a show of 
numerical accuracy which has no sound basis to rest upon. 

As far as providing a machinery adequate to produce 
the heat required for volcanic action goes, Mr. Mallet’s 
explanation may tum out to bo the right one ; but wlum 
W'e come to his speculations as to tlie order of the events 
that have accoiiipaiiied the growth of the earth into its 
pr(»soTit fonn, v find sevei^al of his notions to be directly 
in the teeth of well-established geological facts. 

lie thinks that during the third stage, when the eirface 
was still too hot to allow water to lie on it, the great mass 
of the oldest stratified deposits J were accumulated. This 
cannot have ht^en, for tlie oldest rocks wo know of contain 
fossils, and animal life could not have existed under the 
conditions which he 8ui>poses to have obtained during that 
period. Besides, there is nothing whatever in the vstriictui'e 
of these rocks to iinlicate so tumultuous and cataclysmai a 
mode of formation as Mr. Mallet’s views would imply. 

A far more serious error is committed with respect to the 

♦ Quart. Joum. Geol. Soo., t Phil, Mai?. (October, 1875), 
xxxi. 469, 611. Professor Hil- 4tli scr., vol. i., p. 302. 
gar<i has also criticised Mr. J I imagine this is what he 
Slallet'e views, Silliman’s Jour* means by “ the assumed azfic 
rial, 3rd ser., vii. 635 (June, and yet more or less stratitii^d 
187i), and i’hil. Maj?., 4ib ser,, rocks,’* 
xiviji. 41 (July, 1874). 
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iourth and fifth stages. The fouiiJi he looks upon as a 
period of mountain building. It had, lie admits, maiiifes- 
tutioiis of ii^moous activity, but they were of a totally dif^ 
foreiit character from those of the prc^sent day. Huge 
hoTTH ol lava were fenced by liydrostatic pressure up 
hssures, but there was no action of an explosive nature. 
He gi'ounds this belief on the startling statement, which will 
( eilainly be new to geologists, that the older volcanic rocks 
consist wholly of lava and heated dust,” and never show 
accumulations of fi-agmental matters such us are shot out 
of modem volcanoes by steam. He thinks this state of 
things may have lasted down to the date of tlie formation 
of the Chalk. It is scarcely necessary to say how com- 
pletely this statement is opposed to the facts, hot to go 
far from home, there are in North Wales, the Lake 
comitry, and the south of Scotland countless instances of 
volcanic agglomerates, wlmh are as distinctly the result of 
explosive action as the product of any modern volcano, 
and yet date far back beyond the limit fixed by Mr. Mallet. 

Again, according to him, dimng the fifth stage, moun- 
tain building had ceased, and exj)iosive volcanic action had 
come in. As a fact, many of the loftiest mountain ranges 
received their final uplift during this very period. Explo- 
sive volcanic action then can be carried much fuifher back, 
and mountain building brought down much nearer to our 
day than Mr. Mallet seems to be aware. He allows 
that his stages overlap to some? extent; in the case of 
the fourth and fifth, the overlapping is so complete that 
tliey become practically coincident. The crumpling up of 
the crust sometimes produces only contortion and eleva- 
tion, sometimes metamorj^hism and volcanic products as 
well, but the tw^o operations have not been conhned to dis- 
tinct periods, but have been going on side by side ever 
since the formation of the oldest stratified rook we know. 

Possibly, as suggested by Professor I. Le Conte, the first 
formation of mountains begins while the strata are still soft 
enough to yield to the compressing force. They then give 
w^ay easily and no heat is produced. Afterwards further 
crumiiling goes on after the rocks have become consolidated 
by compression, and then crushing and fusion results.’^ 

There is a slight modification of Mr. Mallet's theory pro- 
posed by Professor J . lie Conte, which should be noticed. 
Instead of supposing that the lines of weakness are fissures 

* Sillixnan's Joam., 3rd ser., vii. 167. 
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established at au early date, he employs the Sorope-Babbage 
tli(.^ory to account for their production. Wherever a thick 
pile of sedimentary rocks ficcumulates, the escape of heat 
is chcx^kod, the suidaces of equal tem})erature rise, and the 
rocks under tliO combined influence tjf lioat and water are 
softened, and lines of yielding are determined. Then con- 
tractioii produces horizontal thrust, and its elfects are most 
conspicuous along these lines.* 

Bearing of Mr. Mallet’s Theory on Metamorphism. 
— Mr. Mallet’s views also come in very handy to explain 
the c(mstant association of metamorphism with intense 
cnimpling and puckering. We noticed in Chapter VII. 
one weak point about all the explanations which look to 
the iiiternM heat of the earth as the direct source of the 
heat required for metamorphism. If this wore the real 
explanation, it would seem that the main tiling roqnisite 
for metamorphosing a rock was to sink it deep enough ; 
and that, as a rule, the greater the thickness of rock under 
w'hieh any bed had be(m buried, the more thorough would 
bo its alteration. Of course tills woidd not be true in every 
c;ase, because other agents besides heat are wanted for 
metamorphism ; but we should expect very generally to 
iiud those rocks most intensely altered which liave been 
sunk deejiest. 

But very often this is not the case. To take one instance 
given by Professor Geikio : the Carboniferous Limestouti 
of the South Wales Coallield has at one time been covered 
by from 10,000 to 12,000 feet of strata, but it shows no 
tnu'es of metaraorjihism; the rocks of the Central Iligh^ 
luuds on the other hand are intensely altered, though at 
the time when their motamorpliisni took jilace they canmU 
liave had over them more than 5,000 feet of strata. 

It is dear, then, that metamorphism does not necessarily 
depend on the depth to which a rock has descended into 
the earth ; but it is we bave seen allied to contortion, and 
there does seem to be a probability that the heat due to 
the work of contortion may have been sulFicient to produce 
it. We can now understand the structure of the luoxmtaiii 
chain generalised in Fig. 138. We have there Granitic 
axes which shade ofi* into Foliated Schists, and these in 
turn melt away into unaltered rocks ; this gradual passage 
leads us to look upon the GTanite as simply an excossivmy 
metamoiq^hosod rock. Again, the wdiole mass has been 
subjected to folding on an enormous scale, and crumpling 
• Eilliaian’fi Journ., 3rd ser., v. 453. 
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more and more develoiKvl as we approach the Granite, 
so that metamorphism and puckering go on increasing 
together. It seems, then, that either the one has given 
rise to the other, or that both are the results of a common 
cause, and the latter is the explanation of the connection 
upheld by Mr. Mallet’s theory.* 


SECTION IV,^CONCLUDTNa REMARKS ON SPECULATIVE 
GEOLOGY. 

With regard to the questions treated of in this chapter, 
the conclusion of the vrhole matter seems to be, that at 
present we know scarcely anjrtliing for certain about them. 
We cannot say positively what is the present state of the 
interior of the earth ; the arguments in favour of a thick 
crust are very weighty, but they are far from conclusive. 
As to the cause of folding and contortion, and the origin 
of volcanic energy, we have arrived at an ox])lajiation 
which is to a certain extent satisfactory, but whieli has 
still too many weak jmints about it to allow us to look 
upon it as final. But such a state of uncertainty need rujt 
be a source of regret. It would doubtless be ideasant to 
be able to make up our minds on these fnndaim'utal ques- 
tions, but on the other hand it is anything but disagre(3uble 
to reflect what a wide field of inquiry j’ct lies aU but 
untouched before the geologist, and it is most en(;ouraging 
to tlie inquirer to bear in mind what a host of op]}ortunities 
are open to him of distinguishing himself. There are, 
hosides those noticed, other problems in the sjiijculative 
domain of Geology of sujqiassing interest, but want of 
space, and still more the very small way that lias boon 
made towards their solution, forbid our doing more than 
glance at some of tlicm hero. 

Geological Time. — ITiuler this head we may reckon the 
attempts that have been made to determine in years the 
age of the earth, or rather the timewhh.h lias elajised siiu^e 
it came into a condition apjiroximately rosiunbling the 
present ; and also what is the proliable exiieetation of life 
in the case of our planet and the system of which it forms 
a part. Sir W. Thomson has tried his hand at these pro- 

♦ The notiem that the heat sort of way m the jaiinds of 
developed by the work of oontor- geologists for some time. It was 
tion has been one of the produc- propounded by Mr. George L. 
ing canses of . metamorphism, has Vose, in his Orographic Goiogy, 
hoen floating about in a vague in ' 
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blems, and there baa been one speculation thrown out since 
he wrote, which may so seriously modify his conclusions, 
that we shall do well to refer to it. 

Starting with the Nebular hypothesis as a basis, he has 
tried to approximate to the date of the time when the sun’s 
heat will be exhausted. He has assumed that it has bof n, 
and win be, cooling all along, Mr. Lockyer has, however, 
shown that such may not have been the case, and has 
suggested a method by which the failing heat may ha-s e 
been replenished, perhaps over and over again.^ Atlox>ting 
views similar to those of Prout and Dumas, he thinks it 
likely that many of the substances which wo believe to bo 
elements, because we have not been able to decomi>ose 
them, are reaUy cf)mpound8 ; and that dimng the early 
periods of a star’s lifetime their components existed in an 
unoombined state, the dissociation being ])erhaj)ft due to 
intense heat ; when the heat was so far reduced tliat it was 
no longer aide to keep the (‘loments apaid, chemical com- 
bination took place, and the protjess may have set free 
a very considerable quantitj^ of heat ; in other \^'ords, when 
the encTgy which had before been occupied in preventing 
oombination be(;ame no longer cKpud to tlie task, it appeared 
as sensible lieat. Thus the life of a star may not liave boon 
one continuous process of cooling, but it may liave every 
now and tlien fired up afresh, and the time taktai to reduce 
it to a certain temperature may have been iiiueh longer 
than if it had gone on always steadily losing h(3at. 

There has been always a clashing between goologistvS 
and physicists on the subject of geological time. Tlie 
extreme slowness with which geological changes take place 
leads the first to demand enoniunis pericKls for the produc- 
tion of tlio results he sees around him ; the speculations of 
the latter tend to tie down the allowance that can bo granted 
within rather narrow limits. I^KSsibly, if Mr. Lo(?kyer’s 
theory turns out to be well founded, the physicist may be 
able to be more liberal in his estimates, and the waiit of 
agreement between him and the gecdogist may be removed. 

Former greater Intensity of Geological Action. — 
There is one other point in go<d<.)gieMl speculation too 
important to be passed over. The <‘arlier geoh^gists, wo 
have seen, when they were in difficulty, did not hesitate to 
call in to their aid agencies for more powerful than those 

♦ Proroedmgs Royal Society, cal News, xxviii. 17-^ (Octohor 3, 
xxi. dl3 (Nov. 27, 1873) ; Chemi- 1873); Nature, xi. 335. 
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of the present day, and sometimes altogether different in 
Idnd from any we are acquainted with. Their method was 
profoundly unphilosophical, for they ga/ve no reason why the 
energies of nature should have been formerly greater than 
now, or other than those of our own time. This school is 
often spoken of as the Cataclysmal or Paroxysmal School. 

The reaction against these false views led to a school 
which had a tendency to run into the other extreme. Its 
adherents maintained not only that ‘‘the great mutations 
of the world are acted,” but that they wore acted long long 
ago. These geologists hardly went so far as to assert that 
the condition of the earth from the formation of the oldest 
rock down to the present time has been all along exactly 
what it is now ; but they looked with suspicion on any 
proposal "to call in agencies different from those of the 
present time. Their caution, though perhaps sometimes 
carried too far, was decidedly a step in the right direction. 
The sui)porter8 of tliis view have been distinguished as 
U iiif omiitarian s. 

Their lino of argument is, only give time enough, and 
every change, which Geology shows us has taken place on 
the earth, can have been produced by the action of existing 
tiauses ; tliere' is thcu’cfore no necessity for calling in any 
extraordinary powers, and, if there is no necessity, it is 
unphilosophical to do it. 

It is ju'obably true that existing causes are quite suf- 
ficient for the production of past geological changes, if they 
only act long enough. But the time required will bo of 
enormous duration, and the question arisc^s, Can the as- 
siunption of an indefinite la 2 ).se of time be jxistified? This 
que.^tion we have just seeii is still an open one. There is 
the further objection that it is not only possible, but even 
liighly probable, that conditions different from those of 
our day have existed during past epochs. Indeed, if 
the history of the earth’s devolopmont has been anything 
like that sketched out in the prostmt chapter, and if there 
be any truth in the modem doctrines of physics, it is 
impossible that Uniformitarianism can be literally true 
even for a limited period. When the earth was hotter 
than it is now, all tlio phenomena which depend directly 
or indirectly on the internal heat, such as metamorjjhism, 
volcanic energy, and contortion, must have been pro* 
portionately more energetic; and if the sun was at the 
same time hotter, all the geological operations depending 
on meteorological conditions, such as denudation, must 
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have gone on faster and on a larger 8(;ale than now. As 
Sir W. Thomson well i)ut8 it — A middle path, not gene- 
rally safest in scientilic speculation, seems to be so in 
this case. It is probable that hypotheses of grand cata- 
stroplies, destrojdng all life from the earth and ruining its 
whole surface at once, are greatly in eiTor ; it is impossible 
that h}^)otheses assuming an equability of sun and storm 
for one million years can be wholly true.” 

But though the views held by the school of Uniformity 
cannot be exactly correct, it may bo that, for the period for 
wliich they are maintainod, they are not far from the truth. 
It is in the highest degree improbable that the oldest 
known ro(^ks are really the first rocks that were ever 
f onned, utterly unlikely that there w^ero none before them ; 
indeed, ixiay almost say that we know that this is not 
the case, and are (tertain that the time which has passed 
l)y since th(' deposition of those rocks, enormous as it seems 
to us, is as nothing in comparison with the large lapse 
of ages whicli have rolled away since the earth became 
tenanted by life, and denudation and dei^osition began 
their career. So that, though really the earth has been 
steadily losing energy all along, yet the rate of loss may 
have been so slow, and the interval between the formation 
of the oldest surviving rock and to-day may be in com- 
paiison with the wdiole lifetime of the globe so small, 
that we may practically look upon the condition of the 
eaidh as having been constant during the period ’svith 
w^hich Stratigrai)hical Geology deals, and may for so far 
hack be Uniformitanans without sensible error. Of coursci 
this view involves a longer lifetime and a slower cooling* 
than physicists have been hitherto disposed to concede; 
but their estunates on neither of these points are beyond 
question ; indeed, on the first we have just seen that they 
may have to be mateiially extended. 

On the other hand, a modified Uniformitarianism may 
be the true solution. While we resolutely reject agencies 
diffeiing in hnd from those of the present day, we may 
yet allow of a difference in degree, and admit the possibility 
of the rates of deposition and of the change in life ha\'ing 
been more rapid in former times than now, and so not 
exceed the limits in time to which physical speculations 
seem to tie us down. 

As far as wo can at present judge, it certainly seems 
likely that one of these two views represents the true state 
of the case. But our choice does not lie whoUy between 



524 


OEOLOGY. 


them. It behoves us to be very careful how we appeal to 
causes differing in kind from any of which we have had 
(experience, still we must not lose sight of the possibility of 
there beung forces, which are periodic in their action, and 
yet recur so seldom that the sjian of human experience has 
not been long enough to witness even a single instance of 
their display. And tliis is not one of those purely gratuitous 
assumptions, unsuj)ported by analogy or probability, the 
use of which brought the Paroxysmal School into disre- 
pute. For instance, if we adopt the contraction theory of 
the origin of mountain chains, it is perioctly conceivable 
that the action of its machinery may be of this nature. 
The pressure may have to go on accumulating for a very 
long time before it can give rise to any motion ; and then, 
when it passes a certain limit, portions of the crust may 
give way with a start, and a very (‘onsiderable amount 
of disturbance may be generated suddenly; after tlie relief 
thus afforded, there may come a long interval of com- 
parative rest till a. head of pressure has gathered sutheient 
to make fresh disruption neeessaiy. Tliis (explanation is 
d priori quite as likely, perhaps oven more probable, tlian 
the one which supposes mountain chains to have been 
raised by a continuous, gentle upridgiug, prolonged over 
very long j^eriods. Possibly the best explanation of all 
would be a combination of both, whicdi imagines slow 
upheaval to be always going on with fits of more energetic 
action at intervals. Other mstan(*es might be given ad- 
mitting of similar explanation, but this one must sufftce 
h(*re. Tlie moral of all would be, lot us b(^ very careful 
how we take our own epocli as nec(*.ssarily the type of all 
time past ajid to eomo. Experioiu^o must form the basis of 
our speculations, but wo may fall grievously into error if 
we make it the limit of thorn. 

We give, in conclusion, the titles of a fi'w of the more 
imporiant memoirs touching on the subjects M'hich have 
been glanced at in this section.* 

* Sir W. Thomson, On the olo,L':ical Titne, Transact. Glasgow 

Secular Cooling of the Karth, Ccol. 8oc., iii. pt. I ; On Goologi- 

Transact. Koyal Soc. of Kdm- cal Dynamte.s, ibid., pt. 2 ; Prof, 

burgh, xxiii. 157, and Natural A. Geikie, (’)n Modern Denuda- 

Phib?sophy, Appendix D; On tion, ibid., iii. 153 ; Prof. Huxley, 

Decrease in the Length of tlie AniiiverHary Address, Qunrt. 

Day owing to Tidal Friction, tTourn. Geol. Boc., xxv. ; Prof. 

Natural Philosophy, Arts. 276, Ilainsay, On Geological Time, 

S30 ; On Dates from Te nestriaP Proceedings IPiyal Boc., xxii. 
Tompernturea. British Assoc. 1855, pp. Ho, 334; Mr. C. Sorby, 
Transact. Sections, p. 18 ; On Ge- Nature, ix. 388. 



CHAPTEE XII. 

OK CHANGES OF CLIMATE, AND HOW THEY HAVE 
BEEN BliOUGRT ABOUT 

“ TheRC changes in the heavens, though slow, produce 
Like change on sea and laud.*’ 

Milton. 

O F the mjniy iT'niurkahh^ events whieh tlie study of 
^(‘ulog;^* jis,sur(‘N us liavo taken place during the i)ast 
history of the earth, none perhaps are more uiilooked for, 
or more startling when the jmxd’s of their occurrence ar(^ 
fiiirly established, than tho changes which the climate of 
tho Bamo spot has undergone. We find, for instance, in 
North Greenland, Bpitzlxu'gen, and other countries, where 
now the rigours of an Arctic- winter are scarcely relaxed all 
th(’^ year round, and wIuto the ]u*esonce of a living f{»re8t tree* 
is a sheer impossibility, tho fossil remains of an abundant 
and varied flora, indudiiig poplars, willows, b(H‘chc-s, oaks, 
and otlior tr(x^s, whicdi grow oidyin temperate regions, and 
.‘-omc whicli perhaps indicate c>ven a nioro genial climate 
still. And it is likely that this elevation of temperaturtJ 
was not a mere local accident, for it was possibly about 
the same time that treats pointing to a sub-trojiical elimate 
abounded in Switzeudand, Uornuiny, and Pevoiivshire. At 
a somewhat later date a change exactly in the contrary 
direction v'as brought about, and tho severity of Aretha 
regions was extended down to latitudes which now enjoy 
temperate conditions. Scotland was pretty much in the 
same condition as Greenland now', the hill countries of the 
Lake district of England and North Wales nourished large 
glacdors, and tho ico-fiow^s of tho Alps and other mountain 
ranges pushed their way far beyond the limits which restrict 
their puny representatives of the present day. 

AVIieu the subject of change of climate first began to attract 
attention, regard was paid almost exclusively to thos & cases 
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where it could be Bhown that the temperature of a country 
had been formerly higher than now, and it was somewhat 
hastily assumed that the alteration had been all along in 
the same direction, and had consisted in a gradual lower- 
ing of the moan temperature of the globe ; and tliis result 
was assumed with equal hasto to have been brought abo\it 
by that gradual cooling w'hich the earth, if it had been 
originally in a fused condition, must of necessity be con- 
stantly undergoing. The fonner Ar(*tic condition of Europe 
w as ignored, either because its existence had not been 
Xdaced beyond question, or because it was supposed to be 
due to some special and excej)tional cause. 

But we now know that such a view is altogether mistaken. 
The second instance just given of a climate different from 
that of the present day, shows that so far from the tem- 
perature having steadily declined as time went on, in oiu^ 
ease at least tho contrary has taken place. Our own countr}% 
after having experienced the severity of an Arctic climate, 
has now returned to more favourable conditions. And as 
the progress of gefdo^icai inquiry lias gom^ on, many such 
instances have been <iet('(-ted; and tlioro are reasons for 
})elieviug that tlio trm' story is, tliat alti'rnations of genial 
and severe climat(‘s have been repeated over and over 
again during bygone ages, and tliat tin re lias not been a 
continuous deterioration, Init a rotation of cliinat«‘s. 

The grounds for tliis assertion cannot be ghentill we 
come, in tho second part of this Manual, to review the 
course of events, which a study of tlu‘ rocks of tln^ eaiih’s 
crust show^s to have accompanied their forniation ; but the 
causes which have giviui rise to these oscillations of climate 
c;an be fully understood at this point of tlie readers studies, 
and may be conveniently considered h(*re. Wn do not 
propose, however, to do more than offer nii outline of the 
subject, mainly because the gc’ologist, Mr. (?5roll, who has 
made the question abnost his own, has just issuc'd a treatise 
specially devoted to it."**' 

Of tlie many solutions which have been offered of tlie 
jiroblom, How have past changes in climate been brought 
about ? oidy two seem to have a sufRcient show of proba- 
bility in tlioir favour to call for noticie in an ehmientary 
manual. One of these supposes that a distribution of 
land and water, differing from that wliich now exists, 

* Climate uml Tin»e in their of 1h > Secular Cbangcj^ of the 

Guo.ogical Xteiaiiuriii ; a Theory JEanii’d Uiiamto. By J. Oroll. 
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caused corresponding differences in tlie distribution of 
climate ; the other looks to certain changes, which are con- 
stantly taking place in the x> 08 iticm of the earth’s axis and 
the shape of the earth’s orbit, for the producing causes. 

That the distribution of sea and land affects to a very 
important extent the climate of different portions of the 
earth is beyond question. Turn to a map of what are 
called isothermal lines, that is lines j)assing through all 
the points in <‘ach hemispht're which have the same tein- 
])erature. If the temperature at any spot depended only on 
tlie amount of heat which that spot received from the sun, 
these lines must be parallel to the equator. But such is by 
no means the (!ase ; the isothernials are curves of the most 
(*om])licated character, now stretching away northwards in 
L^ng loo])S, and again deflected southwards by broad sweeps, 
and over and anon doubling back upon themselves in 
apparently iho most arbitrary manner. But these aberra- 
tions are all capable of explanation. Some of the most 
striking bends are due to the inflmmee of octnin-curreutsj 
and no instance of tliis kind is more marked than where, 
in the North Atlantic, tlie isothennals are pulled out in 
long folds to the norih-east. and a most xs onderful difference 
in climate is produced between the eastern (oast of North 
Anifrica and the op 2 )ositc western shore *8 of Europe. 

Tlio mean Januar}' teiniierature of Ne^w York, for 
instance, is 32°; that of tlio opposite coast of Portugal about 
50°. Labrador, in lat. 53'', has a winter temperature of 
zero; that of the sliores of the north-A\ est of Ireland, on the 
same parallel, is about 40"'; so that, while the first is almost 
l^ennaiieiitly cased in ice, water but rarely fr(‘ezes on the 
second. And the same difference is mainlain(;d as we go 
northAvards ; in fact, on our side of the 0(‘ean Ave must go 
as far north as Iceland before avc meet Avilli a winter teni- 
]Kraturt‘ as Ioav as that of Ncav York. Now this marvellous 
(H)Titrast is due jiartly to the fact that a stri'am of cold Avater 
fi^oin Arctics seas, the liahrador Currcait, is ahrays passing 
doAA'u along the eastern coast of North Anurica, and still 
more to the fact tlmt another cuirent, tin} Gulf Str(‘ani, is 
always bringing from the tropics an (uiorinous mass of 
luxated water to bathe the western vshores of Northern 
Kuro])e. Now it is perfectly possible to conc(dve some 
cliange in physical geography, such as the upheaval of a 
bujricr of land or the oi)en3ng of a new passage, which 
would prevent the Gulf Stream from entering tlio North 
Atlantic, or would lead it off into another channel. In 



52S 


GEOLOGY. 


sueli a case the \resteni shores of Europe no longer 

enjoy their present hax)py fortiine, and our own country 
TTould suffer somewhat the same extremities of cold that 
now prevail in Labrador, 

Afcain, the distrilmtion of land and sea affects the tem- 
perature indopend(mtly of the e^fe(^t it has in determining 
lilt) courst^ of eimmits. In the interior of large masses of 
laud tlie sunmiers are excessively hot and the \a inters as 
abrionuully cold ; on soa-eoasts and in insular riigioiis 
there is far less contrast between tlie seasons ; so that by 
l)Vt)aking u]> a continent into islands, or by allowing arms 
of tlie sv)a to gain access to its interior, we might very 
matoriully improve its climate. 

Land and sea also prodiiee efTects on the climate of 
regitms at a distance by means of the inlluence tln^y bring 
to liear on the nunds which Idow over thorn. For instance, 
we have ab'eady ineutiomHl that there was a time when the 
Alpine glaciers were far larger than at present ; at that 
time wliat is now the iSahara was covcu’od by water ; tlie 
winds then that reached 8witz(niand from the south 
sucked up vapour as th(*y blew over this broad expanse of 
sea, and came laden with moisture, which was precipitated 
as snow ’i\ hon they (‘ame against the cold mountain sides ; 
hence the accumulation on the gathering ground was 
increased and larger ghiciers were needed to relieve it. 
Kow soulheiiy winds Idow over a parclied desoi't, and not» 
only bring no irjuistur(3 with them, but by tlieir warmth 
tend to melt the ice, so that there is a smaller sujiply of the 
material for glacier-making, and an agency temling to 
diminish w hat ghuderB there are. 

Led {3y considerations such as those, many geologists, 
specially Sir 0. Lycll, believe that oven the most extreme 
revolutions in climate cun be accounted for by changes in 
the distribution of land and sea.* 

That local variations, perhaps of a very excessive cha- 
racter, might bo brought about in this way, may be 
readily admitted ; thus, for iuHtance, the subnu^rgonce of 
the Sahara would doubtless tend to iaflrease the size of 
the Alpine glaciers. 

But the variations we have to account for w^ore not local ; 
the period of intense cold already mentioned, which is 
known as tho Glacial epoch, made itself felt over tlie whole 

* P*^ciples of Geolog}% vol. L chap. xii. ; Hopkiaa, Quart. Joum. 
Geol. Soc., viii. 66. 
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of the Northern Hemisphere; one era, known as the Miocene 
age, when genial climates extended up heyond the A^^tic 
circle, has left its traces half way round the northern regions. 
Now before we can admit that cases like these were 
caused in the way Sir C. Lyell supposes, we must be satis- 
fied on two points : first, that there is evidence that the 
h>"]>othetical distribution of land and sea invoked to account 
fur tliem did really exist at the periods in question ; and, 
secondly, that, if it did, it was competent to produce the 
effects assigned to it. 

Now, according to this explanation, the mild period was 
caused by the land being gathered around the tropics, and 
the polar regions being largely occupied by sea. This 
certainly does not seem to have been the arrangement that 
prevailed during Miocene times ; the European deposits of 
that date are mainly of lacustrine or shallow sea origin, 
and point to the presence, not of large areas of sea, but of 
extensive tracts of continental land. 

Again, would an accumulation of land about the equator 
give rise to a genial climate over the whole globe ? The 
tiu'ory we are considering says it would, and in this way. 
The land, being higldy heated by the tro2)ical sun, would 
in its turn heat the air, wliich would rise and flow towards 
tlie poles, and thus there would be a constant transfer of 
heat from the equatorial to the Arctic regions. That this 
atmospheric circulation must always go on, and that it 
would go on in the supposed case to a larger extent than 
now, cannot be denied ; but Mr. Croll has shown that it 
is very doubtful whether these aerial currents would avail 
anything towards mitigating the severity of the polar 
climate. However hot the wind might be when it left the 
land, it would bo liable to rise to heights where the tem- 
jjerature is below the freezing point ; all its warmth v^ould 
then be stolen from it long before it reached its journey’s 
end, and it would come down to the earth’s surface in 
northern latitudes os a chilling and not a warming current. 
The proposed arrangement of land and sea might therefore 
bring no additional heat to polar regions ; what is worse, 
it might prevent warm ocean-currents flowing from troj)ical 
regions towards the poles, and so might put a stop to the 
working of the machinery by wddeh equatorial warmth is 
now largely distributed over the globe, „and by the agency 
of which many regions that would otherwise be icy wastes 
are rendered habitable. 

For Mr. Croll has shown that it is not currents in the air, 

M M 
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but currents in the ocean, that are now performing this 
beneficent task. Wherever streams of heated water flow 
northwards from the tropics and spread out as they 
advance, they diffuse heat fn)m their broad warm 8urfa(.‘es 
into the air above, and give rise to warm winds, the soften- 
ing influences of which are felt over the adjoining couii> 
tries. A great belt of equatorial land might materially 
interfere with these currents, whitb at present all take 
their rise in the Southern Hemisphere, and might cut off 
the supply of heat they are always bringing to alleviate the 
rigours of Arctic regions. As far, then, as accounting for 
the mildness of Miocene and other genial epochs goes, Sir 
C. LyelPs arrangement would be vc^ry liable to fail, and it 
is scarcely more satisfactory when it is applied to exj^laiii 
the cold of Glacial periods. The theory, therefore, though 
it may be appHcable to loctil iustaiu^es, cannot bo rt'lied 
upon to account for tlie world-wide revolutions of climatii 
we have to deal with. At the same time, though distri- 
bution of land and sea alone seems liaidly sufficient to 
cause such extensive changcis, it may have had a shaiM^ in 
their production, and have helped other causes in bringing 
them about. 

We will now turn to the second view, and see if it is 
more satisfactory. This explanation was first siiggest(Ki by 
Sir J. Ilerscjhebf but he seems afterwards to have giv<^n it 
up ; it has since been worked out in very full detail bv Mr, 
Crolbi 

It may save the reader the trouble of roferencoto a. book 
on astronomy if we recount shortly the astronoruicai 
cliangos which this explanation looks upon us the ultimate 
causes of change in climate. 

The path which the earth describes I'ound the sun is a 
plane curve, called an ellipse, such as AB T 1) in Fig. l.‘ff). 

* Wallace, Nature, i. 399, 462. ruary, 1870) ; Part II.,xx.xix. 180 

t Proceed. Geol. Soc., i. 244. (March, 1870) ; Part Ilf., xl. 233 

I Mr. Croll’s researches were (October, 1870), xlii. 241 (Octo- 
first published in the Fourth her, 1871), xlvii. 94, 168 (Feb- 
Seriosof the Phil. Mas?. He has ruary and March, 1874]; On 
in Jukes’ Manual of Geology sag- Supposed Greater Loss of Heat 
gestod the following as the order by Southern than by Northern 
in which his papers may be most Hemisphere, xxxviii, 220 (Sep- 
profltably read: On Geological tember, 1869). The reader will 
Time, &c., ^ xxxv. 363 (May, find the substance of these papers 
1868); xxxvi. 141, 362 (August, and much additional matter in 
November, 1868) ; On Ocean the work of Mr. Croll's already 
Currents, Part 1., xxidx. 81 (Feb- referred to. 
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If drawn truly to scale, the real path would scarcely be 
distinguished by the eye from a circle, and therefore it 
is in the figure made much more oval than in nature, 
lest the reader should suppose it was actually circular. 
C is the centre, A 0 P the longest, BCD the shortest 
diameter. The sun occupies a point 8 on € P^ called the 
focus. P is called the perihelion or point nearest to the 
sun ; A the aphelion, or point farthest from the sun ; 8 P 
the perihelion distance, 8 A the aphohon distance. 

Now there are two things we have to note about the 


B 



Fig. 139. — Orbit op the Earth, Eccentricity Small, Winter 
occuRiNO IN Perihelion. 


path : it is constantly undergoing changes both in shape 
and position. First, with regard to the change in shape ; 
if the earth and the sun were the only bodies in the uni- 
verse, the former would always pursue exactly the same 
path round the latter year after year ; but the attractions of 
the other planets are always pulling the earth noAr this way 
and now that, and in this manner it comes about that tbe 
shape of its path is' constantly changing at a very slow rate, 
so fiiat it is at one time more oval than at another. The 
changes in shape can never go beyond certain fixed limits. 
For a long senes of ages the orbit goes on getting more 



632 


GEOLOGY. 


and more oval or olliptical 5 tlieii tho oUipticity begins to 
decarease, and the orbit grows more and more nearly cir- 
cular; but before it becomes actually a circle the ellipticity 
begins again to increase, and keeps increasing for another 
long epoch, when it again turns back, and begins to grow 
less. 

This is the general nature of the change in shape of the 
earth’s path ; but we must yet consider one or two par- 
ticulars more exactly. The longest diameter, PA, is alwa/ys 
the same, and hence we can make the orbit more ellipti^ 
only by making B C shorter ; in fact the orbit, while its 
length remains unaltered, is at some times flatter than 
others. But the line ,5 /8 is equal to half the longest dia- 
meter, and must therefore always remain the same length, 
whatever change goes on. Now if B comes nearer to C, 





B S can keep the same length only by 8 moving towards P, 
Therefore, when the eccentricity is large, the sun is nearer 
to the perihelion than when it is small. Increase of eccentri- 
city th^efore diminishes the perihelioti distance, and increases 
the aphelion distance. 

If the reader will compare Figs. 139 and 140, he will 
realise the effect of the change ; in both the longest axis 
of the ellipse is the same, but in the second the curve is 
more elliptical, the perihelion distance 8 Pm loss, and the 
aphelion distance 8 Am greater than in the first. He must 
not forget, however, that in both figures the ellipticity is 
fai greater than in the actual case. 
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Secondly, besides a change in shape, the path of the 
earth is undergoing a constant though slow change in 
position. If at any date the direction of the line PSA 
DC determined, say by noting that it points directly to a 
particular star, and the observation be repeated after a 
time, we shall find that the line no longer points to the 
same star, but has moved away in the same direction as the 
earth revolves. This motion is called the Bevolutionof the 
Apsides, and by it the point A is carried round the whole 
orbit in about 5,000 years. 

8uch are the facts we shall have to hear in mind respect- 
ing the alteration in shape and the change in position of 
the earth’s orbit. We have now to pass to a further point. 
A plane through the sun parallel to the plane of the earth’s 
equator is called the celestial equator. If the line of inter- 
section of the celestial equator and the plane of the ecliptic 
meets the earth’s orbit ia A V E, these points are called 
the Autumnal and Vernal Equinoxes. If a line through S 
perpendicular to A Ef V E cuts the earth’s orbit in W /S\ 
S S, these points are called the Winter and Summer Sol- 
stices. When the earth is at either of the equinoxes, the 
days and nights are eveiywhore equal in length; as the 
earth moves from the vernal towards the autumnal equinox, 
the nights are always longer than the days, the difference 
between day and night being greatest at the winter sol- 
stice ; as the earth moves from the vernal equinox towards 
the autumnal equinox, the days are longer than the nights, 
the longest day occurring as she passes through the 
summer solstice. In other words, the time taken by 
the earth to travel from V E to A E is the winter portion, 
and the time from A E to V E is the summer portion 
of the year. Now it is very easy to see that, as long 
as the earth’s path is not a circle, the summer and winter 
portions of the year must be of different lengths. Look at 
Fig. 139, which represents pretty nearly the present state 
of matters for the Northern Hemisphere, The arc A E, P, 
VEis shorter than the arc FE, A, AE, and, what is more, 
the earth moves faster over the first arc than over the 
second, because she moves faster the nearer she is to the 
sun, so that both these causes now work together to make 
our summer longer than our winter. Further, note that 
not only is our winter now shorter than our summer, but 
the earth is nearest to the sun nearly at midwinter, and 
the additional amount of heat thus obtained tends to miti- 
gate the severity of the cold season. 
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The Northern Hemisphere now, therefore, is well off as 
regards climate for two reasons — ^its winter is short, and it 
is nearest to the sun in winter ; the Southern Hemisphere 
is badly off, for its winter is long, and it is farthest from 
the sun in winter. 

But now comes a point of the utmost importance : it has 
not always been so. We have already mentioned the 
motion of the earth’s axis known as precession, and 
explained how that line is constrained to move slow^ly 
round, sweeping out a path in space like the surface of an 
inverted sugar-cone. Now, since the plane of the earth’s 
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Fig. 141. — OnBiT or tub Eauth, Wintek ocjcxikring iw ArHELiox. 

equator is perpendicular to the earth’s axis, if the 
moves, the terrestrial equator, and therefore the celestial 
equator too, must move with it ; and a very little reflection 
will show that in consequence of the revolution of the 
earth’s axis the line V E will turn slowly round >S' 

as a centre. The motion takes place in the direction oppo- 
site to that of the earth’s revolution, and the line makes a 
complete circuit in about 26,000 years. Now recollect the 
line A E, VE m turning at this rate in one direction, and 
the line E S A in the opposite direction, at a rate which 
carries it through a whole revolution in o,000 years, and 
it will be clear that if wo take any position of these 
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sMfting lines, that in Fig, 139 for instance, after a lapse of 
21,000 years they will come rjiind to the same position 
again, and in half that time we shall have a state of things 
like that shown in Fig. 141, where the positions of the 
equinoxes and solstices are exactly reversed, and where the 
winter for the Northern Hemisphere is longer than the 
Bunimer. 

This will ho the case with our hemisphere some 10,500 
yeai's hence, and we shall then he exactly in the position 
tlie Southern Hemisphere is in now. 

The effe(it then of precession and the revolution of the 
apfiidt)S is this. ^Midwinter wiU occur at certain periods for 
each hemisphere wlien thn earth is in perilnslion, and the 
w inters w'ill then be short, and their severity mitigated by 
the xiroximity of the snn; about 10,500 years after each 
of tluise perii)d8, the midwinter of the same homisx>hero 
W'ill hai>x^Gn when the eaith is in a^dielion, and the wdnter 
W’ill then bo long, and rendered mor(^ severe by tlie in- 
ert “ust'd distance of the sun ; the summer in the latter case 
wdll be short ; and at first sight we might think tliat it 
would bo also hot because of the near ax>proa(di to th(' sun, 
but wo shall see shorlly that there are causes w hich x>re- 
vent this circumstance from exercising any beneficial effect 
on the climate. 

Now as long as the path of the earth deviates at all from 
a circle, the (jffects just described must be x)rodiiec;d ; even 
when its eccentricity is small, as it is at }>reseut, the hemis- 
Xdiero whose winter occurs at x^f^rihclion must have some 
advantage over the ox>XJOsite hemisx>here ; and the greater 
sev(*rity of the Antarctic regions at the x>ro8ent day is doubt- 
less x>artly owning to the winter of the Southern Hemisphere 
falling now very near ax>helioii. But the contrast will be 
evidently immensely greater when the ecjcentricity is large. 
Comx)are Figs. Fit) and 140. Ever;^ihing that tends to 
mitigate the seventy of the winter in the fSst is xuesont in 
a more x^ronouncMnl fonn in the second, the actual length of 
the winter is less, and the distance from the sun in mid- 
winter is decreased. To take an instance, oiu’ winter is 
now’ nearly eight days shorter than the summer ; but if the 
eccentricity had its greatest value and our winter ocjcurred 
in ax)helion, not only would the length of winter exceed 
that of summer by thirty-sLx days, hui wo should be more 
than eight millions and a half miles farther from the sun 
in winter than we are now. 

If, tlierefore, these celestial changes have anjihing to do 
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with climate, it will be during periods of high eccentricity 
that they will produce their most telling elfeet. ^ At such 
times the hemisphere whose midwinter occurs in perihe- 
lion will have so short and mild a winter, and so long and 
moderately hot a summer, that its climate will be^ some- 
thing like a perpetual spring. The opi>osite hemLsphei*e 
wdU have a long, severe winter, and a short sianmer ; and 
those conditions wiU be transferred from one hemisphere 
to the other every 10,500 years. Some periods of high 
eccentricity have lasted long enough to allow of such a 
transfer having taken place several times over. 

Thus much was pointed out by Sir J. Herschel, in the 
paper already quoted, in 1830 ; and he then expressed it as 
his opinion, that during a period of high eccentricity the 
effect of these secular changes would be to phice each 
hemisphere alternately in a state approacliing perpetual 
spring, and under a condition of burning summers and 
rigorous winters. He seems afterwards, however, to have 
felt that long periods of severe cold could not have been 
brought about by these causes, because however con- 
trasted the seasons might bo, the deficiency of heat during 
a long winter would be made up for by the laige 
amount received during the short but hot summer. In 
fact the total amount of heat received during a revolution 
of the earth inci’eases as the smallest diameter of her orbit 
decreases, and it might therefore seem at first sight as 
if periods of high eccentricity would give rise to an 
increase in the general warmth. But Mr. Croll took up 
the subject, and showed that, though those cosmical clianges 
could not directly be the cause of epochs of intense cold, 
they must produce this result indirectly in the following 
manner. 

The dreary winters, which will be the rule whenever the 
eccentricicity is high and the winter comes round when the 
earth is near aphelion, will be long enough to allow of 
enormous quantities of snow and ice gathering on land 
and sea every winter. At the same time, during tho 
summer, the earth, on account of its closer approach to the 
sun, will receive a larger amount of heat than at i)re8ent ; 
but tbe summers wifl be so short that, even with this 
advantage, and supposing there was nothing to prevent 
the sun from exerting its full power in melting, there w^ill 
not be time during the lapse of a sumnier for the whole of 
the accumulation of the preceding winter to be cleared 
away. The efforts then made every summer to get rid 
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of the frozen matter will never he able to keop pace with 
the additions of winter, and at the end of each summer 
there will always be a balance of unmelted snow and ice 
to carry forward to the next winter^ s account, and the 
piles wUl grow year by year tUl broad areas become 
permanently wrapped in sheets of ice of enormous thick- 
ness. 

This cause alone would favour the accumulation of great 
masses of ice and snow ; but there are other causes which 
tend in the same direction, and prevent the sun from exert- 
ing its full effect in the work of melting. The presence of 
great masses of snow and ice wiU tend to keep down the 
summer temperature, or rather they w^ill result in making 
the existence of anything deser^mg the name of summer 
impossible, in spite of the large amount of heat poured on 
to the earth during the part of the year which corresponds 
to summer. The power of the sun to heat any substance 
depends on the amount of sun heat which that substance 
can absorb or appropriate to itself. Now air can absorb 
scarcely any of the direct heat of the sun, and consequently 
the sun’s rays pass through it without raising its tem- 
perature in the slightest degree. Many curious and appa- 
rently contradictory facts can be explained when this 
powerlessness of air to absorb sun heat is taken into 
account. The pitch on a sliip’s side off the Greenland 
coast has been melted by the direct rays of the sun, wken 
the temperature of the air around was far below the 
freezing point. The air could not take up any of the heat, 
but the pitch could. In tlie same way, when tiie sun’s rays 
have passed unaffected through the air and fall upon the 
gi’ound, they meet with a substance that can absorb them ; 
the earth becomes heated, and in its turn radiates or gives 
off heat to the cold air above. Now the heat radiated from 
the ground differs from that which comes direct from the 
Bun in this : it can be absorbed by the aqueous vapour of 
the atmosphere, and it is taken up greedily, and, raising 
the temperature of that vapour, produces a generally 
penial climate. But if a coimtry be cased in snow and 
ice, there will be no heat absorbed and none given back 
to raise the temperature of the watery vapour : the sun’s 
heat will be all used up in the work of melting, and, as 
long as the icy coating remains, the temperature of the 
surface can never be raised above the freezing point. In 
such a case the ground, instead of being a source of 
warmth from which heat is always passing off to warm the 
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air above, is a cold pavement, which not only has no heat 
of its own to give away, but tends to rob the atmosphere 
of any warmth it may have obtained from other sources. 

Again, the sun’s rays when they fall on the bare ground 
are very" largely absorbed ; but from surfaces of snow or 
ice a great portion is refletied back, and lost to the earth 
altogether. 

The beneficial effect which a nearer approach to the sun 
would tend to produce w<uild be further neutralised in this 
way. The increased heat w'ould give rise to abundant 
evaporation, but the chilling effect of the cold air and icy 
masses would condense the w^atory vapour, and give rise to 
dense fogs, which would <?ut off the sun’s rays and prevent 
any melting of the snow x)erhaps all tlie suiumer long. 

Here, one would think, we have enough to produce any 
amount of severity of climate ; but Mr. CroU believes that 
there is yet another cause that would X)roduce still more 
important effects. He holds that the gi-eat cun^ents of the 
ocean are due to the pressure of the trade wdnds on the sur- 
face of the water. These trades are caused by the diff erem*e 
in temperature of the air in polar and equatorial regioiiwS, 
and if the mean tempcu'ature of one liojiiispliore be lower 
than that of the other, the trades from the first will be 
stronger than those from the second. Owing to this cause 
the south-easterly are now more j)owerful than the noiih- 
eastorly trades, and in consequence the general sot of 
ocean currents is towards the Northern Hcmis])hore. The 
general tendency is thus for the warm equatorial waters to 
be carried northwards, and raise the teanperature of those 
northern lands whoso shores are washed hy them, or across 
which mnds blowing athwart the coui-se of the waim 
currents are wafted. But when tlie Norihem neinisx)h(‘re 
■was under glacial conditions, the Southern Hemisi>hero 
would be enjoying a mild climate all the year round, and 
tlie present arrangement of curi’ents would be exactly 
reversed. The warm equatorial water would flow soutli- 
wards, and our hemi8j>here would lose all tlie benefit it 
now derives from tliis source. 

If the ex^danation just given be correct, alternations of 
periods of intense cold and of xieriods when a mild equable 
temperature prevailed over an entire hemisphere, must 
have recurred during the past liistoiy of the eaith over and 
over again. When we come to discuss the record of by- 
gone events which Geology presents to us, we shall find that 
there is e\idence for such having boon the case. Further, 



ASTBONOMICAL CAUSES, 


639 


if wo tabiilate the vdues of the 
eccentricity for past e;^hs, and 
note the points at which after 
increasing for a time i\i “begins 
to decrease or the contrary, we 
shall hnd that its values at these 
turning points are by no means 
aU equal, and also that the pe- 
riods during which the eccen- 
tricity keeps at a high or a low 
figure are in some cases very 
much longer than in others. 
Suppose we take a straight line 
and divide it into a number of 
equal parts, each of which re- 
presents a year, and from each 
of these points erect x)er])en- 
diculars, making the length of 
each j)erpendicuiar proj>ortional 
to the value of the eccentricity 
at the date corresponding to the 
point from which it is drawn» 
and then draw a curve through 
th(^ extremities of the perpen- 
diculars, the shape of this curve 
will give us an idea of the 
nature of the clianges in tliO 
occ^entricity. We shah, find tliat 
we do not get a series of regular 
arches each of the same breadth, 
and each rising to the same 
height above A like the 
cuive in Fig. 142, but a curve 
like that in Fig. 143, when the 
summits of the bends arc some 
much higher than others, and 
the intervals between the bends 
very unequal in length. 

Hence the cold periods will 
bo very unequal in lengih, and 
will occur at very unequal in- 
tervals. 

One more point in connection 
with Mr. Croll^s theory" remains 
•to be noticed. According to it, 
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epoclLS of intense severity would alternate with periods 
when the temperature was equable and mild all the year 
round. Now one of the most puzzling facts about former 
dhangos in climate is this. In several cases where we meet 
with proofs of a temperate climate having extended north- 
wards, we also find evidence of the existence of glacial 
epochs closely following or preceding these genial times. 
It seems strange that such strongly contrasted conditions 
should have existed so near to another, but this is exactly 
the result that ought to follow, if Mr. CroU’s explanation be 



the true one. According to it, whenever there was a long 
continuance of a high eccentricity, each hemisphere would 
be alternately placed under glacial conditions and periods 
of perpetual spring. The Miocene epoch furnishes an 
admirable instance of the aj^parent contradiction mentioned. 
We have seen that during part of it forest trees could grow 
within the Arctic circle ; during another portion there is 
evidence of the jiresence of cold severe enough to give 
birth to large accumulations of ice at spots as far south as 
the Pyrenees and Turin. Other instances will bo noticed 
in the second part of this Manual. 
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Aciwc BOOKS, 4B: Imperfect fluidity i 
ot, 222, 226 ; older than BaHio, 25U ; 
similarity iu mineral coinpositlon. of 1 
all, 57 ; textural varieties of, 67 ; 
■weathering of; 49 
iEoUan deuudatioii, 110 
Agate, 36 

Agglomerate, Volcanic, 238 ; necks of, 
247 

Ailsa Crag, Ooluxxmar Syenite of, 231 
Albite, 84 

Algeria, Columnar Granite of, 231 
Allotropism, 80 

Alluvial flats, 473 ; lakes on, 466 
Alpheus, R., 101 

Alps, Triassic rocks of Eastern, 211 ; 
former extension of glaciers of, 625, 
528 ; interbedding of Mica Schist and 
Xiimestouo in, 2B9 
Aileration produced bv hiva, 246 
Alternations of severe and genial 
climates, 538 
Alumina, 17 
Alum Shale, 71 

Alum Slate of Scandinavia, 3(® 

America, Lacustrine formations of 
Western, 197 
Amethyst, 32 

Amorphous Granite, 307, 309 ; of Priest- 
law, 811 ; of south-west of 8co(l»nd, 
813 

Amount ceunied away by denudation, 
407 

Amphibole, 88 
Amygdaloid, 46 
Auamesite, 61, 64 
Anchor-ice, lu8 
Ancient glacial deposits, 161 
Andalusia, Old plain of marine denuda- 
tion in, 412 
Andesite, 69 

Anhydrite, 43 ; conversion vf into Gyp- 
sum, 279; in the form of Selenite, 28 
Anhydrous mineiuis, 17 
Animals secreting Carbonate of lime, 
182, 140 ; and BUioa. 141 
Animal-tracks on rocs^ 125 
Anorthite, 84 
Antliracite, 79 

AnticUnals, 844, 846, 851 ; do not coin- 
cide with hill ranges, 404 ; relation- 
ship between fiiults and, 864 


Apatite, 43 
Aphanite, 61, 62 

Appalachians, Section across, 851 
Apsides, Revolution of, 538 
Aragonite, 41 

Arans, Volcanic rocks of The, 242 
Arenaceous rocks, 66, 67 ; Shale. 71 
Areiiigs, Volcanic n)ck8 of The, 242 
Argillaceous Limestone, 71 ; Hocks, 86, 
6H ; Tests for, 71 ; Sandstone, 67 
Artiflcial metamor^sm, 800 
Arthur’s Beat, 237 
Asar, 470 

Ash, Calcareous, 284 ; Volcanic, 217 

Ashy Siuidstoue, 234 

Atlantic Ooze, 181, 141 ; Grey do., 142; 

Red Clayj 141, 199 
Atmospheric denudation, 98,477 
Atolls. 136; Gypsum, &c., iu lagoons 
of, 187 

Augite, 39; minerals associated with, 
.39, 60 

Auvergne, Lacustrine deposits of, 196, 
197 ; old volcanoes of; ^7 ; subaeiial 
denudation in, 430 
Axes of Crystals. 22 
Axmouth, Landslip at, 420 
Ayrshu'e, Metamorphio rocks of 
Carrick in, 292 ; Serpentine of, 296 ; 
volcanic necks in, 250 

BAunAGB, his theory of upheaval, 604 
Baking of sediment into rcuik, 162 
Balloiu:, Prof., on spores in Coal, 77 
Banks oi Shingle, 118 
Barnsley Steam Coal, 79 
Barren Island, 222 
Barrier Reef, 136 

BaiTowmoutli, Magnesian rocks of, 276 
Barytes, 18 
Basalt, 61, 63, 64 

Basic rocks, 48 ; hi^h fluidity of, 226 ; 
newer than Acidic, 259 ; weatliering 
01, 49 

Basin, 344 

Baslow, Grit escarpment near, 487 
Bass, 71 
Bassett, 341 
Batt, 71 « 

Beaches, 474 

Beaumont, E. de, on cavities in Mag- 
nesian I^estone, 276 
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Be<l8, Thickness of, 84, 127 Cai'lingford Monntalne, Alteimion 

Bedding, 81; Drift, 122; eflSaced by Limestone bf Granite in, 311) 
metamorphism, 267 ; how produced, Carrara, Metamorphio rocks of, 262, 2C6 

91 ; imperfect, 127 ; iiregulftr, re- Camithers on Coal, 76 • 

guW, and lenticular, 84, 118—120; CataclyamflJ School of Geology, 622 
of Congloinerates and Sandstones, Canties, liquid in Crystals, 801 
120; of Lava, 229 Cayton Bay. Fault at, 870 

Berwick-on-Tweed, Domed strata near. Caverns in Limestone, 95 
348 Cementing of sediment into rook, 162 

Bcrwickshii'c, Volcanic necks of, 250 Ceneri, 2S3 


Better Bed Coal, Spores in, 77 
Bind, 70, 71 

Binney on spores in Coal, 77 
Biotite, 38 

Bii-d-tracks on rocks, 125 
BischoU’, his experiments on formation 
of Dolomite, 2v>a 
Bitter Spar, 41 

Bit uminons Coal, 79 ; LimcsUuje. 72 
Blicklciid, SO 

Blotches, green and blue in red beds, 
199 

Blown Sand, 148 
Bombs, Vokvinic, 233 
Boracic Acid, 19 
Bord of Coal, 171 
Boulder Clvy, 159 
Biuneh Coal, 79 

Breaching of escarrmionts by rivers, 426 
Breccia, 66 ; I'esemhiing Boulder Clay, 
161 ; volcanic, 233 
Brick Clsij or Earth, 69 
Brittany, Granite of, 310, 316 
Broekrim, 148 
Bronzitft 40 
Brotliei'+on In'ds, 207 
Bix)wn Coal, 78 

B 2 ‘<’wn, Dr. R., on composition of Coal, 
76 

B'lnlie House lamestone, 236 
Burrowing animals, denuding work of, 

no 

Caoke Idbts, Lava with Sanidine of, 
256 ; Volcanic rocks of, 242 
Caking Coal, 79 

Calcareous Ash, 234; Rooks, 66, 71 
Saudstfme, 07 ; Tula, 129 
Calcite, 41 

Canada, Granite veins of, 817; Lan- 
rentian locks of, 292 ; Onoda^ Salt, 
group of, Gypsum in, 279 ; Serpentine 
of, 296 
Cank, 67 

Cannel Coal, 79, 152. 

Carton of C/olomdo R., 415 
Cape of Good Hope, foliation in Slate 
at, 282 

Carbon, 17 ; Dioxide, 04 
Carbonaceous Limestone, 72; Rocks. 
66, 75 ; Shale, 71 

Carlxmate of Lime, 41 ; absent from 
sea water, 98, 132 ; CrystelUsatinn of, 
19; in form of Selenite, 28; soluble 
in carbonated water, 94 
Carbonated water. Solubility of Lime- 
stone in, 94 ; decomposition of Felspar 
by, 96 

Carbonic Acid, 17, 94; given off from 
volcanoes, 236, 297 


Centioclinal dip, 344 
Chalcedtiny, 33 

Chalk, 71 ; altered of north-east of 
Ireland, 273 ; es(‘arpnieni, breached by 
rivers, 427 , out back thi'( nigh by brooks, 
449; Flints, Ul, 174, 186; Forammi- 
fem in, 133 ; resists denudation, 435 
Challengtir Exiiedition, 141 
Chamwood E'orest, Metamorphic rocks 
of, 293 

Cliemical composition of minerals, H5; 
deposits, materials of. derived from 
volcanic sources, 207, 2:40; elements 
in Earth’s crust, 17 ; Ocemdc deposits, 
187 ; precipitates in salt-water Lacus- 
trine wds, 198 

Chemically fomied rocks, 128—132 
Oheiry Coal, 79 

Cheshire, Meres of, 102, 455 ; Rock Salt 
of, 130 

Chert, ,33 ; of Carboniferous Limestone, 
186 

Chiastobte Schist, 288 

Chdi, (^lay stone conglomerate of, 294 

China C.’lay, 69, 96 

Clilorite, 40 ; produced liy alteration of 
Hornblende, 28 
Chlorite Schist, 288 
Chrome Hill, 4:43 
Cindery base of Lava streams, 227 
Clastic rocks, 92 

Clay, 18, 68, 69, 96 ; Boulder, 159 ; Red 
of Atlantic, 141, 143 ; with Flints, 93 
Clayey rocks, 66 ; regular bedding of, 
118-120; imperfeci ly liedded, 127 
Clay Slate, 272 ; alteration of by Granite, 
282 ; of same composition aa Granite, 
323 

Clnystme, 55 ; Conglomerate, 294 
Cleat of Coal, 171 
Cleavage of Crystals, 20, 26 
Cleavage of Rocks, 165; aids denuda- 
tion, 111 ; how produced, 378 ; in 
mountain chains, 467 
Clinwte, alternations of severe and 
genial, 638; effect of distribution of 
land and sea on, 628 ; effect of ocean 
currents on, 629 ; effect of astrono- 
mical ('hanges on, 630 -640 ; examples 
of oscillation of, 526, 626 
Clinkstone, 60 

Clyde K., analysis of water of, 182 
(k>nl, 74-80; Cannel, 162 ; Dicey, 171 ; 
face and end of, 171 ; formation <»f, 
149 ; rock faults iu, 126 ; seams, parte 
ings in, 153 ; Hubiqueous, 160 ; thick 
of South Staffordshire, 15,3 
Coarse deposits, Growth of, 121 ; on 
deep-sea bottoms, 410 ; wedge-shaped 
bedding of, 118—120, 
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Coast Toe, 108 

Calloidol iniiiorals, S® ; SUica, 31 
Colorado B., Carion of, 416 
Oolmnimr structure, 230, 281 
Conuxion Salt, 18; Bseudomoiphft of, 28 
Compact texture of iutrutfive Lava, 227 
Cozioantiatiom 128 
CoucTetioiis, 173 

Concretionary action, 141, 174*, Ma?^- 
nesian Limestone and Sandatoue, 176 ; 
structure of Lava, 230, 231 
Cone, Volcanic, 219 
Conformity, Deceptive, 395 
Conglomerate, 66, 68 ; Dolomitio, 147 ; 
resembling Boidder Clay, 161 *, Vol- 
canic, 234 ■wedge-shaped bedding of, 
118-120,183 

('«)aKlomeratic liimestone, 72 
(Connection between mineral character 
and Jipe of igneous rocks, 259 
Contact Metamoiphism \fy (iramte, 319 
C(»ntoniporaneou8 erosion, 124; Vol- 
canic rocks, 245, 252 
Continents, formation of, 608 
Contortion, 342, .‘Hll, 345; connection 
l)etween andMetaraoiphism, 298, SOO ; 
in mouatain chains, 4(56 ; Mr. Miall’s 
experiments on, 383; Prof. Thur- 
ston’s e 2 Ci)eriment« on, 384 ; Sir J. 
Hall’s illustration of, 384 ; more fre- 
(juent in old than recent rocks, ,‘185 
Contraction theory of upheaval, 606, 
024 

Coral, 188—138 ; island, 186 ; Magnesia 
in, 187 ; reef— ancient. 138 ; barrier, 
135 ; fringing, 134 ; rock, oolitic, 176 ; 
sand, 139 
Cfnilliiios. 140 

Cork (>o,, Magnesian Limestone of, 275 
Oornstone, 72 
Cornwall, Granite of, 314 
Corsite, 61, 65; alteration of Granite 
into, 320 

(Cotopaxi, blocks ejected from, 232 
C^)tla, on relative ago of Basic and 
Acidic rocks, 259 
Oral) rock, 148 
C! Kicks, sun, 126 
(Jrich Hill, 338 

CroU, J., on warming effect of ocean 
cun’ents, 529, 638; on influence of 
celestial changes on climate, 536 
Cross bedding, 123 

(^nist of tlie earth, doctrine of a tliin, 
480 ; effective thickness of, 497 ; thick- 
ness of according to Henuessy, 499, 
Hopkins, 493, Thomson, 495 
Cr;iT)tocry8tallinc roc-ks, 46 
Ci-ystallme Limeshme, 278 ; Crystalline 
rocks, 43; chi88ifi(jation of, 47 , 50, 
330 ; gencniUy unstratifled, 81 ; ex- 
ceptions to this, 132 ; geneniUy uu- 
fassiliferouSj 83 ; origin of, 213 ; table 
of composition of, 66 ; uniformity in 
composition of, 323 ; vesicular, 214 
Crystalline texture of centre of Lava 
stream, 227; produced by Metamor- 
phism, 267 

rysiallisation, connection between and 
jointing, 172 ; laws of, 26 


Crystals, 19; axes of, 22 ; diy and wet 
ways of forming, 217 ; liquid cavities 
in, 301 ; systems of, 26 
Current- l)e Jding, 122 ; mark, 125 
Cutch, Eunn of, 202 
Cutting back of valleys, 447 

Dales of Derbyshire, 102 
Dana ou tormaUoiL of CaD,th]yeu.ts and. 
Oceans, 508 

I>artmoor, Granite of, 316 
Daubree, bis experiments on Metamor- 
phism, 300 

Davy, Ih'. J., on accumulatiDns of 
PoUen, 78 
Day 8h)nes, 438 

Dead Sea, Analysis of water of,' 198 ; 

cause of saltness of, 131 
Deceptive oases of included blocks in 
Granite, 319 

Deceptive conformity, 395 
Deep-sen bottoms, Coarse detritis on, 
410 ; Ooze, 183, 141 

Delaunay, his objections to Hopkins’s 
reasonuig about the thickness of the 
earth’s crust, 497 

Delbis, 188, 189 ; even surtice of, 476 
Denudation. 93 ; ammmt carried awav 
by, 407 ; by frozen water, 102, 113 ; 
by organic agents, 110 ; by rain, 93, 
113 ; by rivers, lOO, 113, 413. 422 ; 
coast, 410 ; difference betw^n marine 
and subaerial, 430 ; rives proof of ele- 
vation, 336; laws of first taught by 
Hutton, 116; marine, 114, 410, 411 ; 
subieriiil. 111 ; final result of ditto, 
425 ; surface of ground formed bj^ 
403, 406 

Denuding a^nts, 93 
Deposition during subsidence, 390 
Deposits, Cliemicjil, 128—132, 198—209 ; 
tme, 12t>; gro-wth of coarse, 121; 
mechanical omingeraent of on sea 
bottom, 118, 119; of shallow water, 
126 

Depth at which Metamorphism was 
liroduccd, 2il9 

Deibyslure, Dales of, 102; Limestone 
pinnacles in, 438 

Derivative rocks, 92, 179; classification 
of, 180 

Derwent E., Gorge of, near Matlock, 
415 

Deserts, 475; .^olian denudation in, 
110 

Devonsime, Granite of, 314; proofs 
of a fonner subtropical oliniate in, 
525 

Diabase, 61, 64 
Diallage, 40 ; rock, 64 
Dialytiu roclm, 92 
Dimorphism, 27 

Dioiite, 61. 62 ; atmospheric decompo- 
sition of, 112; concretions in, 2J11 ; 
interbedded with ftenH'ntine, 295; 
Metamorphosed Sandstone, 325 ; Or- 
biculai’, 6»; Orthochise in, 68; pro- 
duct of alteration, 293, 295 
Dip, 839 ; measurement of, 840 ; qua* 
quaversal and centroolinal, 344 
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Dip-slope, 440 ; formation, of 444 ; ' 
masked by glacial deposits, 446 
Dirt bed of I. of Portland, 144 j 

Distortion of fossils by Cleavage, 166 
DistribntiQn of land and sea, its effect 
on climate, 527, 628 

Disturbed rocks rotind bosses of Gyp- 
sum, 280 

Disturbanoos rocks have suffered, 534 
Disturbance and solidification of rocks, 
connection between, 163 
Dodecahedron, Ehombic, 24 
Dog-toothed Spar, 20 
Dolerite, 61, 64 

Dolomite, 73 ; associated with Serpen- 
tine, 296; formed by precipitation, 
262; Hunt, Sterry, his experiments 
on formation of, 204 ; in lagoons of 
Atolls, 187 ; met^orphic, 274 ; Sorby 
on, 198 

Dolomitio Conglomerate, 147 ; Dolo- 
mitic limestone, 73; conversion of 
into Dolomite, 278 
Dolomitisation, 274 
Dome, 344, 347 
Domite, 60, 72 

Donegal, bedded Granite of, 310; in- 
trusive trap of, 248; metamorphic 
rocks of, 264, 260 

Dorsetshire coast, landsliiw on, 419 
Draughton, contorted limestone at, 845 
Drift bedding, 122 ; ripple, 123 
Druidicol remains, weathered rocks 
mistaken for, 110 
Dry way of foiming crystals, 217 
Dunbar, dykes near, 240 ; dyke and in- 
trusive sheet near, 254 ; lava with 
included blocks near, 246 
Dun courses, 275 

iJurocher, his experiments on Dolo- 
mitisation, 274 

Dykes, 218, 245, 249 ; of Etna, 223; of 
Skaptar Jokul, 224 

Earth, orust of, 9 ; figure of, 480, 486 ; 
internal temperature of, 483; La- 
place’s law of density of, 486 ; mean 
density of, 481 ; orbit, changes in, 
631—533 ; original fluidi^ of, 480, 
484, 489 ; pillars of the Tyrol, 94 ; 
present state of interior of, 489, 493, 
520 ; solidification of, 492 
Earthquakes preceding volcanic emp- 
tions, 217 

East Lothian, volcanic necks of, 252 
Eccentricity of earth’s orbit, changes 
in, 631, 589 
Eddy-rock, 128 

Eifel, old volcanoes of The, 237 
E^g, I. of; Senr of, 406 ;• Tachylite in, 

Elevation, by contraction of the earth, 
506 ; by intrusion of Granite, 606 ; 
Hopkins on, 603 ; Scrope, Babbage, 
and Herschel on, 603 ; proved by de- 
nudation, 886 ; sense in which used, 
601 

Elvanito, 65, 59, 324 
Eucrinites, 140 
End of coal, 171 


Ennerdale, Eskers in, 470 
Equinoxes, Precession of; its effect on 
climate, 534 

Erosion, contemporaneons, 124, 889 
Erratics, 160 ; in Oceanic depoeite, 186 
Eruptive rocks, 314 
Escoipmcnt, 440 ; breached by tiver, 
426 ; foi-mation of, 444 ; masked by- 
glacial deposits, 446 ; of jointed grit, 
487 

Eskers, 468 ; enclosing lakes, 456, 469, 
472 

Estuarine rocks, 180, 188 ; fossils of, 190 
Etna, dykes on, 223 
Eurite, .“W 

Europe, Triassic Rooks of Central, 210 ; 
Physical Geography of during Tri- 
assic period, 211 

Evaporation, forms rook salt, 202 

Facs of Coal, 171 
False bedding, 128 
False vciins in lava, 251 
Fault-rock, 302 

Faults, .359 ; change in sire of, 864 ; 
course of, 363 ; effect of on outcrop, 
86K ; hade of, 3(]3 ; Hopkins on, 3Y9 ; 
indirect evidence for, a(»9 ; parallel- 
ism of, 8fi4 ; produced by horizontal 
thrust, 380 ; rock, 126 
Felsite, 54, 69. 

Folsitic schist, 294 

Felspars, Acidic and Basic, 85 , acidic 
associated with free quartz, 49; de- 
composition of, 96; Monoclinic and 
Triclinic, 35 

Felspathic Sandstone, 67 ; of 8. of Scot- 
land, 272 

Felstone, 61, 68, 69 ; closely related to 
Granite, 324 ; globular, 231 ; meta- 
morphosed sandstone, 292 ; quartz- 
ose of LlanberiR, 271 
FciTuginous sandstone, 67 
Fetid limestone, 72 
Figure of the earth, 480, 485 
Fine deposits, 126 
Tire clay, 69 

Fisher, Rev. O., on source oi Volcanic 
energy, 512 
Flagstone, 84 
Flemingitos, 77 
Flints, 38, 141, 174, 186 
Floods of R. Mulleer and near Sheffield, 
99 

Flows of Xjavo, vesicular top of; 263 
Fluor Spar, 48 ; crystallisation of, 21 
Folding, by vojrtlctd upthrust or hovi- 
zontm comprcHHion, 376 ; cause of in- 
clined 8<rat>i, 374 ; produced at grreat 
d^ths, 3Wi, and slowly, 384 
Foliated rocks, 44 

Foliation, 281, 287 ; artificially pro- 
duced, 286 ; compared with ribboned 
structure, 286; crumpled lamince of, 
286; parallel to bedding, 283, to 
cleavage, 284; produced oy Meta- 
moi-pldsm, 267 

Fontainebleau, sandstone of; X72 
Footprints on rook, 125 
Forommifera, 132 
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B., Ms experiments on folia- 
tion, 285 

Forchhammer on Magnesian Lime- 
stone, 72 

Formation of rocks, 88 
Former greater intensity of geological 
action, 621 

“ “ , 88; destroyed lay Metamor- 

pbis^ 267 ; in suoaqneous tuff, 2M 
Foaidliferotw rooks, ustwUy bedM and 
non-crystallme, 88 
Fringing lleef, 184 
Frozen water, expansion of, 102 
Fuchs on the OxMute of the Pyrenees, 
808 

Fundamental form, CD, 22—86 
Oabbro, 01, 64 

Galvanic current, cleavage produced 
by, 167 

Gaseous products of volcanoes, 235 
Gathering-ground, 105 
Geogonie, 11 

Geological rmtion, former greater in- 
tensi^ of, 621 
Geological time, 620 
Geolqgy, Descriptive and Historical, 
7, 11 ; Paroxystnal and Uuifonni- 
tarian Schools oi^ 622 
Geysers, 129 

Gliiciers, 108 ; streams beneath, 104 
Glacial action effaces escarpments, 446 
beds, ancient, 161, rearranged, 161 
epochs, 628, close to genial times, 640 
mud, 107, 113, 169 

Glaciation, by ice sheet and glaciers, 
462 ; gr^ual dlsappeai’aiice o^ 464 
markings left by, 452 ; superior limii 
of, 460 

Glsi^ minerals, 29 ; rocks, 46 
Gneiss, 288, 289; Graphitic, 290; Hnm- 
blendic, 290 ; irrupthre, 287 ; passage 
of into Mioa Schist, 290 ; Taicose, 

G<x)dohild on Till, 167 
Goyt Trough, 348 

Grange liisb, Limestone altered by 
Granite near, 819 

Granite, 66, 69, 214 ; alteration of Olay 
Slate by, 282; amorphous non-in- 
trusive, 307, 309 ; an extremely me- 
tamorphosed rock, 207 ; atmospheric 
decomposition of, 112 ; bedded, 807. 
309 ; columnar structure in, 231 ; con- 
tact metomoiphism by, 81 9 j differ- 
ence between Lava and, 807 ; mciuded 
blocks in, 318 ; intrusion of, a cause 
of upheaval, 606 ; intrusive, 807 ; ob- 
jections to metamorphic origin of, 
323 ; of Brittany and DonegM, 310 
of Pyrenees, 808; of same oompositioi 
asClay Slate, 323 ; petrologicoi modes 
of oocurrenee of, 8C*7 ; related to Fel- 
stone, 324; Bsrenitic, 66; veins, 317, 
passage from Ghranite to Felstone in, 
324 

Granular minerals, 29 
Granulite, 290 
Graphite, 80, 280 


Greenland, Ice sheet of, 107 ; ptoeffR of 
a former temperate climate in, 525 
Green slates ana porpbyriee, 258 
Grey oose of Atlautv^ 142 
Grit, 67 ; fonnatton o!^ 80 
Ground ice, 108 
Grund morane, 108, 167 
Gulf stream, 627 

Gypsum, 18, 42, 78, 74 ; disturbed rocks 
round bosses of, 280 ; formation of by 
TH^pitation, 202, 206 ; Hunt, Sterry, 
his experiments on, 204 ; in volcanoes, 
236; in estuarine deposits, 190; in 
lagoons of Atolls, 187 : metamorphic, 
278 ; of Barrowmouth, 277 ; or the 
Onodaga Balt group, 279 ; jbroduced 
by action of Bmphuretted Hydrogen 
on Silicate of Lime, 280 

Hadk of faults, 863 
Hmmatite, IS 

Hall, Sir J^., his artificial production of 
glai^ rocks, 29, and of marble, 273 ; 
his illustraticm of contortion, 384 
Haileflinta, 294 

Haughton, Prof., on alteration of 
Granite and Limestone, 820 
Hard Coal, 79 

Hardness of minerals, 80 ; of rocks, its 
effect on the shape of the ground, 432 
Harkness, !Prof., on Magnesian Lime- 
stone of Co. Cork, 275 
Heat a metamorphosing agent, 296 
Heaves, 369, 369 

Hennessy, Prof., his method of deter- 
mining the thickness of the earth's 
crust, 499 ; his objections to Sir W. 
Thomson’s methoo, 4^ 

Horschel, Sir J., his thcjory of upheaval, 
504; on the effect of astrononiioal 
causes on changes in climate, 630, 
636 

Hilgard, Prof., on Mallet’s theory of 
volcanic action, 517 
Holland, formed of glacial mud, 107 
Holywell spring, 101 
Homoeomorphism, 27 
Hooker, Dr., on origin of Coal, 76 
Hopkins, his expenments on the effect 
or pi OHsm“e on the melting point, 491 ; 
his investigations about the thick- 
ness of the earth’s crust, 493 ; and 
objections to them, 497 ; his theory 
of upheaval, 878, 603 ; on souroe of 
volcauic eneigy, 611 
Horizontal thrust on rooks, 376 ; due 
to the earth’s contraction, 507 
Hornblende, 38; minerals afwociated 
with, 89, 60; said not to occur in 
volcanic rocks, 266 
Homstone, 66 
Horses in coal, 125 

Hunt, Sterry, his researches on Meta- 
moi-phlsm, 801 ; on formation of Do- 
lomite and Gypsum, 204 ; on source 
of volowic energy, 612 
Hutton, ^ 116 

Huxley, on spores in coal, 77 
HyaUne rooks, 46 
Hydration, 17 
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Hydratilio lime»tone, 71 
Hydroohlorio acid given off by vol- 
canoeB, 2d5, 297 
Hydrotherm^ action, 217 
Hypersthene, 40 ; rocs, 61, 64 

ICR, anchor, 106; coaat, 108 ; foot^ 108; 
gathering -gronnd of, 106 ; nv^, 
103 ; sheetB, 103, 107 ; Burface forinB 
pi'odnoed W, 449 

Icebergs, 107; boxilders carried by, 
108, 114 

Icecap, oscillaticaui in aea level oaui^d 
by, 838 

lo6*ibnned depositB, distinctive cha* 
racters of^ 166 
Ice-scratched rocks, 450 
Icesheet, character of glaciation of an, 
452 ; bow to determine path of an, 
452 

Ice-wom districts, ontHne of, 449 
Igneous rocks, 215 ; Acidic older than 
Basic, 269 ; connection between 
zninend character and age of, 269; 
Volcanic and Trappean subdivisians 
of; 265 

Iguanodon, 191 
Im^rfect bedding, 127 
Inclination of strata, 339 ; produced 
by folding, 374 

Included blocks, in gTanite,818 ; in lava, 
246 

Inoretionary nodules, 176 
Inland sea deposits, 197; red colour 
of, 199 

InUer, 865, 358 

Inter-bedded volcanic rocks, 246, 252 
Internal state of the earth, 489, 498, 
620; tem^rature of do., 4S3 
Intrusive, Qianite, 307; of Brittany, 
811, 816; ol Devon and Cornwall, 
314 : lava, 262 ; compact texture of 
do., 227 ; volcanic rocks, 244 
Inversion, 362; caused by horizontal 
thrust, 377 

Ireland, altered chalk of; 273 ; Jukes 
on v^eys in. 426 ; landslips of Ba- 
saltic plateau of, 419 
Irish Bea, analysis of its water, 182 
Iron, colouring of rocks by, 18, 97 ; com- 
pounds of 18; Pyrites, 18; Silicate 
of, 18 ; Spathic ore ol^ 18 ; Specular 
ore of, 18 

Irregular bedding, 84 
Irruptive rocks, 814 
Isle of Portland, dirt bed of, 144 
Isle of Wight, marine and subaerial de- 
nudation ofc 436; Needles ot 440; 
rivers of, 428 ; UndercUff of, 420 • 
Isomorphism, 27 
Isothermal lines, 627 
Isthmus of Suez, Bitter Lakes oi^ 202 

Jarvis Islaku, Chemical deposits ol^ 
187 

Jasper, 33 

Jaspery porcellanite, 272 
Jointing, 168; aids denudation, 111; 
connection between and orystallisa- 
tion, 172 ; effect ef on shape of the 


sarface, 486 ; of lava, 280 ; prismatie, 
170 

Jointed gritstone, escarpment of, 437 
Jordan valley, 455 

Jukes, on valleys of south of Ireland, 425 
Jura, Inversi^m in the, 853 

Kaxbs, 468 

Kaolm, 69 ; source of, 96 ; opal in, 97 
Karsten on Magnesian Limostono, 72 
Kent, Wealden beds of, 191 
Kentish Town, abortive boring for 
water at, 401 
Kilbum Coal, 79 

Labrai>or current, 627 
Labradorite, 34 

Lacustrine rocks, 180, 194 ; chemical 
deposits in, li)7 ; fresh water, 196 ; 
salt water, 197 

Lakes, 464 ; Bitter of Isthmus of Suez, 
202 ; endosed by eskers or sand dunes, 
469, 472 ; in rock-basins, 466 ; marine 
crustaceans in American, 197 ; Salt of 
Utah, 202: silted up, 476; ofTiberia8,131 
Lake district, former arctic condition 
of, 526 ; Green Slates and Porphyries 
of, 258 ; Old Red Sandstone of, 398; 
volcanic rocks of; 244 
Laminae, 83 
Lamination, 118 

Land’s End, columnar Granite of, 231 
Landslips, 418 ; dam back lakes, 454 
LapiUi, 233 

liaplace’s law of eaith’s density, 485 
Lateral moraine, 105 
Laurentian rocks, 292 
Lava, alteration in oomposition of, 229 ; 
alteration produced by, 246 ; bedded, 
229 ; oentral plug 237 ; columnar 
structure ot^ 230 ; comi>arativo flu- 
idity of Basic and Addic, 226 ; com- 
pared to sugar, 225 ; oomposition of, 
228 ; concreuonaiy structure of, 230 ; 
crystalline texture of not always duo 
to slow cooling, 227 ; imperfect fluidity 
of, 216, 224; included fragments in, 
246; jointing of, 230; laminated, 
230 ; mineral character no test of age 
of; 229 ; ribboned or scaly, 280 ; tex- 
ture of, 229 ; watci’ in, 226 
Lava flows, 218, 223; dam np lakes, 
454 ; of S^tch Caiboniferous BockM, 
258; sealing up old soils, 146; tex- 
ture of different parts of, 227 ; vesi- 
cular top of 258 

Lava sheets, contemporaneous and in- 
tnisive, 246, 262 

Lebberston Clilfis, fault near, 370 
liG Conte, on crushing during forma- 
tion of mountain chains, 518; on 
formation of continents and oceans, 
508; on Mallet’s theory of volcanic 
action, 518 

Lenticumr bedding, 84 
Iiepidodendron, 77 
Lepidolite, 38 
Lepidostrobus, 76 

Leucite, 86; changed into Orthodase 
229; rook, 64 
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Lie of beds, Its effect cm tbe shape of Marl, 71 
the BTuface, 440 Masses of volcanic rock, ti45, 248 

liguite, 78 Master joints, 170 

lime, 17 ; Carbonate of, 18*, crystal- Mates, dolomitic Coral -Umestone of, 187 

lisation of, do., 10 *, X*hosphate of, 18, 43 Matlock, gorge of the E. Derwent near, 

lime Eelspax, 34 416 

limestone, animals secreting, 182, 140; Mean density of the earth, 481 
Cavoins in, 05 ; composiuon of, 1^ Mechanical deposits, arrangement of 
66, 71 ; convemon of into (iypsnm, on sea bottom, 118, 119 
279 ; Coral, 139 ; Crystalline, 273 ; do. Medial Moraine, 106 
with Mica, 274; Dales in, 102; de- Mediterranean, analysis of water o1^ 198 

stroyed by boring molluscs, 110 ; dolo- Medlicott, on inversion, 609 

mitiBcd by Basalt, 274 ; inferences , Mehiphyre, 61, 63 
from presence of pure, 140 ; Meta- 1 Melting iH)mt, effect of pi-essure on, 4JK) 
moi-pnic of Bi^e, 320 ; of organic ■ Meres of Chesliire, 102, 455 
origin, 185 ; oiigin of pure, 140 ; pin- MehiUic ores, 16 
nacles of, 438 ; place of on seabed, Metamorphic, axes of mountain cliains. 

1 40 ; siliceous nodules in, 186 ; soluble 467 ; Gypsum, 278 ; limestone of Bkye, 
in carbonated water, 94 ; swallow 320 ; origin of Granite, objections to, 
holes in. 96: tests for. 74: under- 323 


ground wateicourHes in, 101 
Timouite, 18 
Lithia Mica, 38 

Lithological classification of rocks, 43, 
86 ; examination of rooks, 18 
lithology, 12 

littoral deposits, 118—120, 126, 179, 183 ; 
fossils of, 184 

Llaubcris, quartsose Folstoue, of 248, 
271 

Ijoadstone, 18 
Loam, 70 

Local metamorphism, 296 
Lockj'cr, on dissociation and combina- 
tion during the cooling of a star, 521 
T/ingitudinal valleys, 422, 425 
Lowering of the sea level, arguments 
against, ,3:^6 

Lycopodium spores, 76 ; nitrogen in, 77 
Lydian stone, 271 

LyeU, SirC., his explanation of changes 
of climate, 528 

Macrocrystalline rocks, 46 
MacroHiJortrH, 70 

Madeixti, old soils beneath lava flows of, 
146 

Madi-id, Diluvium of, 112 
Magnesia, 17 ; CarlHinateofteudcncyto 
combine with Carbonate of Lime when 
nascent, 204 ; in Corals, 187 ; Pseudo- 
moiphs of Sulphate of, 28 ; tendency 
to form double salts o^ 203, 206 
Magnesian Limestone, 18, 72, 73; | 
cavities in, 270 ; conci*etionary, 175 ; 
mebimoiphic, 274; of Barrowmoiitli, 
277 ; of Co. Cork, 276 ; of N. E. of 
Kngl tnd, 207 
Magnetite, 18 

Main E., mattei’ carried in solution by, 
100 

Mallet, on formation of ^ntinents and 
oceans, 608, 514 ; on soui'ce of volcanic 
energy, 613 

Marble, 72 ; statuary, 278 
Marine, crustaceans in American lakes, 
197 ; denudation, 93, 114, 410 ; com- 
pared with subaerial, 116,436; plain 
of, 411, 421 

Mark, ripple or current, 125 


Metamorphic rocks, 216 ; of Chamwood 
Forest, 293 ; of Carrara, 262, 266 ; of 
CajL-rick, 2}>2; of Co. Donegal, 264, 
266 ; reasons for believing them to be 
altered sedimentary deposits, 261 ; 
retaining bedding, 267 ; subdivisionB 
of; 267 

Metamorphism, artificially produced. 
300 ; ermnection lietween and contor- 
tion, 298, 300; cimtact, by GntniU*, 
319 ; depth at which i‘ was prodiuied, 
299 ; effects of, 267 ; Hunt. Sterry, on, 
301 ; local and regional, 296 ; Mallet’s 
theory of, 619 ; no proof of antiquity, 
31)4 ; not a question of depth, 619 ; 
periods of, alst) periods of great V ol- 
camc activity, 328; pressure neces- 
sary for, 299 ; Pyrenees, in The, 308 ; 
BorDyon,30l ; terminating in Griinite. 
266. :k)8; unequal susoepUbility of 
rocks to, 309, 311 
Meteoric denudation, 93 
Mioll, his experiments on contortion, 
384 

Mica, 37 

Micaceous, Sandstones and Bhales, 121 ; 
Limestone, 274 

Mica schist, 288 ; calcareous, 289 ; fel- 
raathic, 289 ; interbedded with 
iferouB rooks, 289 ; passage of into 
Gneiss, 290 ; ripple-drift in, 261 
Microcrystalline rocks, 46 
Microscopical examination of rocks, 80 
Micixispoies. 76 

Milford Haven, inversion near, 362 
Millstone poiphyry, .M, 62, 63 
Minendogy, works on, 30 
Mineral, 14 ; accessoiy, 15; arnoiphous, 
29 ; colloidal, 29 ; fundameut il ionn 
of, 20; glassy, 29; giunnLr, 2t); 
hardness of, 30 ; hydrated and anhy- 
drous, 17 ; rock forming, 15, 16 ; slu eak 
of; 30 

Miuei-al springs, pm-ipitation of DoJo- 
raite from, 203 ; volcanic. 236 
Mineral vmns, .362 ; heaving of, 369 
Minette. 60 ; metamoiphic, 314 
Miocene peruxl, gimial climate of, 629 
Mississippi, lakes on alluvial fiat of, 
sediment csinicd by, 98 
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Molafwe, 19T 

MoUusos, wtunted, In eetnarine beo^ 
191 ; in inland sea deposits, 199 
MonocUnio Felspars, 35 
Moraines, 105, 159, 454, 472 *, d amm ing 
lakes, 454 

Moraine profonde, 108, 157 
Morris, ri'of., on spores in Coal, 77 
Mountain chains, 462 ; contortions in, 
342; deliciency of matter beneath, 
60S; formed by earth’s contraction, 
607 ; general stmctiire ol, 602 ; in- 
versions in, 355 ; Le Conte on onish- 
ing duiing formation of, 61 B ; Med- 
lioott on inversion in, 509 ; Bhaler on 
formation of, 609 
Mud, glacial, 107, 113 
Muddy deposits, even bedding of 118— 
120, 126 
Mndshmo, 71 
Mulleer R., flood of, 99 
^luschelkaJJk, 211 
Muscovite, 87 

Nawlroxite, 66 
Nebular Hypothesis, 479 
Necks of liiva, 246, 249 ; of agglome- 
rate, 247, 250 

Needles, The, of Isle of Wight, 440 
Nepheline, 36 
Nove, 105 

New Zealand, old volcanoes of, 237 
Niagara, Falls of, 448 
Nile R. matter oanied in solution by, 
99 

Nitrogen, given off by voloanoes, 235 
Nodules, coucretiouary, 173; socin- 
tionaiy, 176 ; siliceous in Limestone, 
141 

Nonbiriimmous Coni. 79 
Noncrystalline rot'ks, 44 ; generally 
bed<ie<l, 81 ; text urn of, Wi 
Noii^h lieru ick. hauded siliceous rock of, 
2;M); L)tw 25' >; volcanic ash with 
laigc bh >eks near, 2^12 
Noi-th Wales, old volcanoes of, 242 
Numtuulite, 103 

Obtkctjons to metamorphic origin of 
Gi-anife, 323 
OlisidiJUi, 51, 52, 53, 59 
Ocean currents, thei effect on climate, 
529 

Occiinio d('i)Osits, 17.9, 185; chemical, 
1B7 ; erratics in, 186 
f)cennic trouglis, formation of, 508 
Uil-KhTle, 71 

Old Red Sandstone of Lake distiict, 398 
Oligoclase, 34 
Olivuie, 40 

Oolitic coral -rock, 176; escaipment 
breached by rivers, 427 ; rocks of Eng- 
land, 127 ; structure, 175 
Ooze, Atlantic, 133, 141 ; flrrey, 142 
Opal, 32 

Orbicular T)inrit«, 66 
Organic deposits, 140, 141; denuding 
agents, 110 

Griffin, of Plutonic and Trapi)ean rocks, 
321, 824 ; of rooks, example of deter- 


mination of; 89, prindples fat deter* 
mining, 88 

OrthooJase, 33 ; alteration after Lendte, 
229 ; decomposition of, 96 
Oscillation in sea-level, in Britain, 837 ; 
at Fuzzuoli, 336 ; in Beandumvia, 887 ; 
by ice-cap, 388 

Outcrop, 841 ; effect of faults on, 368 
Outliers, 335 ; basin-shaped lie of, 420 
Overlap, 397 

Paper Shale, 84 
Park Hill, 433 

Paroxysmal School of Geology, 622 
Partings in Cool seams, 168 
Passage from Derivative through Meta- 
morphic into Plutonic and volcanic 
rocks, 329 

Patagonia, Claystone Conglomerate of, 
294 

Pearlstone, 2.31 

Peastonos, 176 

Peat, Nitrt^gon in, 77 

Pebbles cut thi’ongh by joints, 171 

Penarth beds, 210 

Perched blocks, IGO 

Perlite, 52, 53, 00 

Petrifying springs, 129 

Petxx^graphy, 11 

Petrological classification of rocks, 83, 

Petrology, 12 
Petrosilex, .54 
Phlogolite, 38 
Phonolite, 52, 53, 60 
Phosphate of Lime, 18, 43 
PhyUite, 288 

Ifinnades of Limestone, 438 
Pipeclay, IS) 

Piwfiife, 176 
Pitchstone, 54 

Planes of cleavage paralld to axes of 
folds, 1C7 

Idaiits, Dermding work of, 110; seci’ct- 
ing Carbonate of Lime, 140, and Silica, 
141 

Plate, 70 

Piayfhir on formation of the surface by 
denud-ation, 400 
Plug, Central, of Lava, 287 
Plumbago, 80 

Plutonic rocks, 2.58 ; intrusive and n on- 
intrusive, 269 ; Mehimoipl tic members 
of the group of, 268 ; origin of, 321, 
824 ; opposite views as to origin of, 
2#>9 ; partiHlly fused, 270 
Polishing podneed by ice, 450 
Polishing Slate, 141 
Pollen, Aecumuktions of, 78 
Polymorphiam, 27 
Porcelain Jasper, 272 
Porccllanite. 272 
Porodinous looks, 45 
Poiphyri< e, 61 , 62 
Porphyritic roclts, 46 
Potash, 17 ; Felsijar, 33 ; Mica, 87 
Potday, 69 
Potato-stones, 276 
JPolj/eUtime, 141 
Prairies, 475 
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Pratt, Archfl., on formation of Contl- 
nwits and Oceana, 508 
Precession of the Equinoxes, applied to 
determine the thickneaB of the earth’s 
crust, 493, 496; objections to the 
method, 497, 498 ; its eifeot on di* 

Precipitation, 128, 129 ; conditions 
necessary for, 180. 

Pressure a cause of cleavage, 107 ; com- 
pacts sediment, 163 ; incieases solvent 
power of water, 102 ; its effect on the 
melting point, 490; necessaiy for 
Metaniorpldsm, 299 j transformed 
into heat, 164 
Priestlaw, Granite of, 811 
Prismatic, jointing, 170 ; structure of 
Lava, 230 
Prisms, 22 
Protogine, 289, 200 
Pseudomorphism, 27, 206, 302 
Pseudomorphs of Salt, 184, 201 
Pudding-stone, 06 
Pumice, f>2, 58 
Pumiceous structure, 46 
Funiield beds, 104 
Puzsolana, 233 

Puzzuoli, Temple of Serapis at, 336 
Pyi'amids, 22 

Pyrenees, Granite of, 308; included 
blocks in ditto, 319 
Pyrites, Iron, 18 
Pyroxene, 30 

UuAQUA versal dip, 344 

Uuaits, 82 ; artificial formation of, 800 

Ciuarteite, 270, 271 

Uuartzless Trachyte, 69 

Ctuartaose Trachyte, 62 

Quartz rock, 270 

Quarts Schist, 289 

Raik, chemical denudation of, 94 ; drop 
markings, 125 ; mechanical denuda- 
tion of; 93 : wash, 112, 144 
Raised beaches, 474 ; of N. of Britain, 
337 

Rearranged Glacial beds, 161 
Red, Clay of Atlantic, 141 ; colour of 
inland sea deposits, 199 
Rod rocks, green and blue blotches in, 
19i) ; pseudomorphs of salt in. 201 ; 
unfossillferous, 201 ; warty protuber- 
ances in, 201 

Reef-building Corals, 1,33 
Regional Metamorphism, 296 
Regular bedding, 84 
Retinite, 64, 69 

Revolution of the Apsides, 633 
Rliine, glacial mud carried by the R., 
107 

Rhombic dodecahedron, 24 
Rbombohedron, 19, 25 
Rhone R., matter carried in solution by, 
99 ; sediment carried by, 98 
Rhyolite, 61, 63, 69 
Ribboned structure of Lava, 286 
Ripple drift, 123 
Ripple mark, 125, 184 
Rivelin Volley, 364 


Rivers, amount carried down by, 08 *, 
breach escarpments, 426; denuding 
action of, 413 ; direct denudation by, 
100 ; in flood, 90 ; matter canled m 
solution 1^, 99 ; of I. of Wight, 428 ; 
ot The Weald, 428; underground, 
100 

River terraces, 473 
Roches moutonn^B, 462 
Rocks, definition of; 14. 85; Acidic 
and Basic, 48 ; Am^^daloidal, 46 ; 
Arenaceous, 66 ; Argillaceous, 66 ; 
Calcareous, 66; Carbonaceous, 66; 
Clastic, 02 ; clayey, onolo^us to At- 
lantic Red Clay, 143; cleavage of, 
166; colouring ot, by Iron, lit 07; 
concretionary structure in, 1 75 ; Cryp - 
tocrjrstaUine, 46 ; CrystaUine, 43, Ki ; 
clos^cation of do., 46, 330; origin 
of do., 213 ; Derivative, 02, 179 ; clat- 
siflcation of do., 180 ; Dialytic, 92 ; 
Eddy, 123 ; Eruptive, 814 ; example 
of determination of origin of, 89; 
Fissile, 84 ; Foliated, 44, 85, 267 ; 
formed of Cotfd, lfJ8, 130 ; Fossilifer- 
ouB, 83 ; Glassy, 45 ; Hyaline, 45 ; 
If!c-Bcratched, 450 ; Igneous, 215 ; 
connection between mineral character 
and age of, 260 ; Imiptive, 314 ; La- 
minated, 84 ; Xitholoj^cal classifica- 
tion of, 43, 86 ; lose weight in watei-, 
99; Macrocryi^lliDe, 4<5^ Metamor- 
phic, 216, 261 ; subdivisions of do., 
267 ; Microcrvstalline, 46 ; microsco- 
pic examination of; 80; Non-ciys- 
talliiie, 86 ; Oolitic, 175 ; Petro- 
logicul classification of, 83, 86; Plu- 
tonic, 258; non-intrusive do., 269; 
origin of do., 321, 324 ; opposite views 
on do., 269; Porodinous, 46; prin- 
ciples for determining origin of, 
88 ; Proofs of foimation of, 88 ; 
Pumioeous, 46; qualities which en- 
able them to resist denudation, 435 ; 
Schistose, 44, 85, 267 ; Booriaceous, 
46 ; Subaqueous, 92 ; Terrestrial, 18c>, 
208; Trapi>ean, 265; non-intrusive 
do., 269 ; origin of do., 821, 324 ; op- 
posite views on do., 269 ; undercut, 
109 ; unequal susceptibili^ to meta- 
. morphism of; 303; Yesiculai’, 46; 

Volcanic, 214, 265 
Book-basins, 456, 458 
Bock-faults, 126 
Rock-forming minends, 16 
Rock-salt, dissolution of forms lakes, 
466 ; di^lved by rain, 98 ; estuaiine 
• deposits of, 190 ; formation of, 129, 
ISO, 202 ; in lagoons of AtoUs, 187 ; 
oof of inland sea origin of the rocks 
which it is found, 131 
Rock sand, 67 
Roestone, 176 

Ross, moimtains on west coast of, 406 
Itottenstone, 72, 96 
Ruim of Cuicb, 202 
Buttles, 862 

Sahaba, The, effect of its submergence 
on the Alpine glaciers, 528 
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8t Btideaux, concretionary diorlte oi; 

231 , 

Salt, common, 18; ppcudomorphs of, 
28, 184, 201 ; precipitation of oy eva- 
poration, 129 
Salt lake of Utah, 202 
Saltzbnrg, Rook-sfUt of, 130 
Hand, 32, 67 ; banka, 118 ; blown, 148 ; 
Coral, 139 

Sand-dunes, 148, 172 ; enclosdng lakes, 
455,472 

Sandstone, 67 ; animal tracks on, 125, 
126, 184; ashy, 234; concretionary, 
175; current b^dinn of, 124, 184; fel- 
epathiti of S. of Scotland, 272 ; forma- 
tion of; 118-120 ; micaceous, 121 ; of 
Fontainebleau, 172 ; passage of, into 
shale, 120 ; rain drops on, 126 ; ripple 
diift of, 124, 184 ; ripple-mark on, 126 ; 
sun cracks on, 126 ; w-cdge-shaped 
bedding of, 118, 119, 120, 183 
Handy rocks, tests for, 68 
Hanidinc^ 38; said to be confined to 
volcanic rocks, 286 

Biirdinia, Homblendic Ti'ach3rtes of, 266 ; 

section of unconformity in, 386 
Saturation, 128, 131 
Scaly Lava, 230 

Scandinavia, oscillations of level in, 337 
Schists, 44, 267, 288 ; felsitic, 294 ; foU- 
ated by metallic ores, 289 ; old theo- 
ries about, 291 
Scoriaceous structure, 46 
Scorise, 2<*tS 

Scotland, Felspathio Randstones of S. of, 
272 ; former Arctic condition of, 525 ; 
Granite of S.W, of, 313 ; Lava-sheets 
of Carboniferous rocks of, 258 ; rneta^ 
morphic Minette in, 314 ; raised beach 
337 ; unequal metamorphism of 
the roclro of the southern uplands of, 
311 ; volc’tnic necks of the central 
valley (rf, 250 

Hci’atohes formed by ice, 450 
Hcrees, 146 

Hcrojie, on source of Volcanic energy, 
,511 ; on snbaeiial denudation in Au- 
vergne, 4.30 

Hci'ope-Babbage, Theory of Upheaval, 
504 

Scur of Eigg, 406 

Sea-lK)ttom, subsidence of during de- 
position, 122 

Hea-level, arguments against a lower- 
ing of, .335 ; oscillations in, 336—388 
Sea lilies, 140 
Sea-stacks, 411 
Seat-earth of Coal, 149 
Sea-water, absence of Carbonate of 
lime from, 98 
Seci’etions, 176 

Sediment, how compacted into rock, 
162 

1,76 

Selenite, 42 ; in the form of anhydrite, 
28 

Septarium, 173, 174 
Rerapis, Temple of, 836 
'erpentine, 40, 295 

hale, 70, 71 ; even bedding of; 120 ; 


micaceous, 121; paper, 84; passage 
of into Sandstone, 120 
Shaler, on formation of Continents and 
Moimtain Chains, 609 
Shallow water deposits, 126 
Sheets of Lava, distinction between 
Contemporaneous and Intrusive, 246, 
252 

Sheffield, flood near, 99, 100 
Shingle l^nks, 118 
Shiver, 70 
Shore deposits, 126 
Shntlingdow, 356 
I Sigillariay erect stems of, 1,50 
I Silica, 17, 31 ; diss-xilved by rain, 98, and 
1 by undergiYiund water, 102 ; seci’oted 
1 by plants imd animals, 141 

Siliceous, limestone, 71 ; nodules in 
limestone, 141 ; sandstone, 67 ; sinter, 
129 

Silted-up lakes, 476 
Simon’s Seat, .347 

Sinking of surface by undergi-ound so- 
lution, 102 
Sinter, siliceous, 129 
Stoiptar Jokal, dykes on, 224 
Skye, metamonphic limestone of, 320 
Sl^, oompareef with vesicuLu- cry stal- 
line rock, 214 

Slaggy Burface of Lava flow, 227 

Slate, clay, 272 ; polishing, 141 

Slickenside, 362 

Slips, 369 

Blyne of Coal, 171 

Smith, W., his discovery of character- 
istic fossils, 6 

Snowdon, volcanic rocks of, 242 

Snow-fteld, 106 

Snow-line, 103 

Soda, 17 

Soda felspar, 34 

Boil, 111, 144 ; old, presented under 
liiva, 146; removal downwards of, 
113 

Solidification, connection between, and 
disturbance, 163 
Sidntion, 128 
Sopwilh’s models, 341 
Sorby, his experiments on foliation, 285 ; 

on Magiiesitm Limestone. 277 
South Amenca, foliated seJiists of, 284 
South Staffordsliire, abortive boring for 
Coal in, 401 ; thick Coal of, 163 
South Wales, Coalfield 121 
Spain, Raiuwosh of, 112 
Specular Iron Ore, 18; sublimed from 
volcanoes, 235 

• Spheroidal state of water, 226 

Spitzbeigen, prooft of a former tempe- 
rate chmate in, 625 
Splint Cool, 79 
Sponges, secrete Silica, 141 
Sporangia, 70 
Spores, Coal formed ot 76 
SpringB, cause of, lOl ; mineral, 236; 

petrifying, 129; volcanic, 101 
Stainmoor, Till of, 168 
Stalactites, 129 
Stalagmites, 129 
Statuary Marble, 273 
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StttTiTolite Bchiat. 288 
Steam the motive force ia volcanic 
eruptions, 510, 512 
Steam-coal, 79 

Stenhouse, Di. on Nitrogen in Coal, 

77 

ffti^mariOf 160 
fitmkstone, 72 

Stokes, Prof., on the figure of the 
earth, 487 
Stone Coal, 79 

Stour E., hreaches chalk escarpment, 
428 

Strata, 83 

Stratitloation, 81, 91, 127 
Stratified Bo^s, 81, 86 
Stratula, 83 
Streak, 80 

Streams, mibglacial, 104 ; subterranean, 
100 

Stretching of rocks by upheaval, 377 
Strike, 840 

Structure of lava and crystaUine rocks 
compared, 231 

Stunted moUuaos, in estuarine heds, 
19] ; in salt water lacustrine rucks, 
198 

Subaerial Denudation, 93, 111 ^ com- 
pared with Maiine, 115, 4iifi ; final 
result of, 425 ; gitmth of the belief in, 
430 ; importance of, first recognised 
bj Hutton, 116 

Subaqueous, rooks, 92 ; tuff, 234 
Subgiacial stieams, 104 
Siibinorine volcanic eruptions, 224 
Subsidence, dining deposition, 122, 
S90 ; lakes fornix by, 458 ; of vol- 
canic cones, 223 

Subsequent volcanic rocks, 246, 262 
Sulphate of Lime, 18 ; dissolved by 
run, 98 

Sulphate of Mafinesia, formed in vol- 
canoes, 235 ; pseudomorphs of, 28 
Sulphur, 17 ; dimoiphic, 27 ; sublimed 
from volcanoes, 235 

Bulphurelted Hydrogen, given off by 
volcimoes, 235 
StUphuric Acid, 17 

Sulphurous Acid, change of limestone 
into gypsum by, 279; given off by 
volcanoes, 236, 297 
Sun -cracks on sandstone, 125, 184 
Weoldeu rocks of, 191 
Sutlierlandshlre, mountains on west 
(!f>ast ot 406 
Fw.illow Holes, 95 

Swii;!erlaiid, proofs of a former sub- 
tropical climate in, 626 
Syenite, 66, 60 ; columnar structure in, 
231 ; poiiihyntic, 61 
Syeuitio Granite, 66 
Bjmclinal, 344, 348 

Tachyhto, 61, 64, 65 
Talc, 40 
Talc-schist, 288 
Taloose Gneiss, 289, 290 
Terminal Moraine, 105 
Terra del Fuegu, imperfect foliation in 
rocks of, 282 


Terrestrial deposits, 143, 180 ; in deltas, 
190 

Texture, of crystalline rooks, 45; of 
non -crystaUine rocks, 66 ; of lava, 
229 

Thalassic rocks, 179, 184 
Thames B., breaching of eROorpmente 
by, 427 ; matter oaitied in solution 
by, 100, 113 
Thickness of beds, 127 
Thomson, Sir W,, on the age of the 
sun, 520 ; on the thickness of the 
earth’s crust, 490, 495; ohjectious to 
ditto by Prof. Hennesay, 498 ; on Uni- 
formitorianism, 623 
Thonglimmer Sohiefer, 288 
Throws, 359 

Thurston, Prof., hiB experiments on 
contortion, 884 
Tiberias, Lake o^ 131 
Tilcstone, 84 

Till, J67 ; far-traveUed stones in, 158 ; 
of the Yale of Eden and Staininoor, 
158 

Tour, 0. de la, his experiments on 
water, 226 

Trachyte, Homblendic of Sardinia, 256 ; 
quarMess, 59 ; quartzose, 52 ; textu- 
ral varieties ot 51 

Tracks of animals on rocks, 126, 184 
Transformation of pressure into heat, 
164 

Transverse valleys, 422, 426 
Trapain Law, 260 

Truppoan rocks, 256; metamorphic, 
268; imperfectly fus^ 270; intiu- 
sivc, 269 ; non -intrusive, 269 ; oppo- 
site views as to origin ofi 269; 
origin of, 821, 324 
Travertine, 129, 130 
Trees, denuding action of, 110 
Triassic period, physical geography of 
Europe during, 211 
Triassic rocks, 210 
Triclinic felsp^, 86 
Tiimorphism, 27 
Triplosiwrites, 76 
Tripoli, 141 
Troubles, 369 
Tufa, calcareous, 129 
Tuff, subaqueous, 234 
Tyrol, The, dolomites of; 274; earth 
pillars of; 94 

I U NCONPOBHiTT, 886, 426 ; deceptive, 896 ; 
illustiation of, 391 ; mcidentol proofs 
of, 394 ; meaning of, 887 ; practical 
importance of understfuidiiig, 401 
Undei-clay of Coal, 149 
Underoliff of Isle of Wight, 420 
Undercut rooks, 109 
UndeigTound sti'eams, 100, 101 
Undulation of strata, 842 
Unequal elevation a possible cause of 
lakes, 456 

Unequal susceptibility of rocks to Meta- 
moiphism, 803 
X'niformitarianism, 522 
Unstratiified rocks, 81, 85 
Upheaval, sense m which used, 501; 
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HopkiAi on, 608: Sorope, Babbage, 
ana Henicbd on, 504 *, by intrusion of 
Granite, 605 ; by contraction, 606 
UraUte,39 

Utah, Salt Lake of, 129, 202 

Valw of Edkw, Till of, 168 
Valleye, Broadening of. 447; cutting 
back of, 447 ; determined by joints 
and faults, 424 ; in south of Ireland, 
Jukes on, 425 ; longitudinal and trans- 
verse, 422, 423, 42d 

Vapoui‘8, Moiamorphio action of, 297 
Vem Quartz, 32 

Veins, Folse, in Lava, 251; Granite, 
817; Serpentine, 296; Volcanic, 246, 
249 

Venice, Fluviatile deposits of, 190 
Vertical upheaving force, 376 
Vesicular structure, 46 
Vesicular surface of Lava flows, 227 
Virginia, Gi-eat Dismal Swamp of, 149 
Volcanic Agglomerate, 233 ; necks of, 
247; Ajsh, 217, 223; bombs, 2?13; 
Breccia, 238 ; cones, 219, 468 ; ancient 
of Auvergne, &c. 237 ; breaching of, 
220, sulwidenoe of, 223; Conglome- 
rate, 234; Contemporaneous rocks, 
245; craters convei-ted into lakes, 
465 ; dykes, 245, 249 ; ejected blocks, 
232 ; energy, explained on hypothesis 
of a thin crust, 510 ; Hopkins on, 611 ; 
Fisher and Scrope on, 512 ; MaJIct on, 
613 ; Sterry Hunt on. 612 ; eruption, 
causes of, 218 ; cessation of, 219 ; sub- 
marine, 224 ; ^oup, 222 ; masses, 245, 
248 ; ne<kB, 245 ; rocks, 214, diffeieuce 
between and Granite, 807 ; intrusive 
and contemporaneous, 244 ; subse- 
quent, 245 ; sheets, 252 ; springs, 1«)1, 
236; subdivision of igneous rocks, 
265 ; Tuff, 234 ; veins, 245, 249 


Volcinic and Trappean rocks compared, 
256, 267 

Volcfuioes, cono -in-cone stioicture of, 
222 ; gai^us products of, 285 ; extinct 
of Britain, of Lake district, and West- 
ern islands of Scotland, 244 ; of K. 
Wales, 242 

morphic rocks of The, 294 

Walks, former arctic condition of, 625 
Warp, 127 

Warrant of Coal, 140 
Wai+y protubcjunces in red rocks, 201 
Water, 17 ; analysis of B. Clyde and 
Irish 8ea, 132 ; carbonated dissolves 
Limesti^ne, 95, and decomposes fel- 
spar, 96; expansion of frozen, 102; 
experiments of C. de la Tour <m, 226 ; 
in Lava, 225; metamorphic action 
ot 297 ; solvent power of inei-eatscs 
with deipth, 102 ; splieroidal state of, 
226 

Weald, rivers of the, 428 
Weallen beds, 191 

Weathering of Acidic and Basic rocks, 
49 

Wedge-shaped bedding, 84; Of con- 
glomerate, 120 
WenuiT, notice of, 5 
Western islands of Scotland, Volcanic 
rocks of, 244 

Wei way of forming ciy’fdals, 217 
Wieliczka, Bock salt ot, 130 
Wind, denudfitiou by, 109, 110 
Worms, denuding actiOn of, 110 

Vellowstoke Biver, 130 
Yorkshire, Coal moomiros and Mag- 
nesian limebtone of, 896 
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